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4. Study of Fundamental Qualities by 
Further Kinds of Transmission Dis- 
tortion 


As seen in the preceeding chapter, the 
effect of distortion upon quality can be proper- 
ly and correctly evaluated only by the joint 
consideration of its quality-destructive and 
quality-constructive actions. It is expected 
that there may be other kinds of transmission 
having quality effects quite different from that 
of BED, and thus it is very important for 
quality study to decide what kinds of distor- 
tion should be employed. In the case of 
BED we took full advantage of the distortion 
nature of band-cutting, by virtue of which 
we could distinguish the quality factor of 
dispersed nature from that of concentrated 
nature, and we could thus assure that there 
exists fair independency between voice and 
phoneme qualities. In order to find some 
new quality factor or to confirm the existence 


* MS in Japanese received by the Electrical Commun- 
cation Laboratory, Aug. 18, 1960. Originally published 
in the Kenkyi Zituydka Hokoku (Electrical Communt- 
cation Laboratory Technical Journal), N.7.T., Vol. 9, 
No. 12, pp. 1469-1549, 1960. 

t Nagoya University. 
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of the quality factors already revealed, it is 
necessary to further employ and study types 
of distortion other than BED. In this sense, 
quality measurement by Rotational Synchro- 
nous Distortion (RSD) was carried out in 
Experiments 2 and 3, and that by attenuation 
distortion (AD) in Experiment 6, both in 
parallel with that by BED. The former dis- 
tortion, RSD, shifts the signal pattern upward 
and downward along the frequency axis and 
the latter, AD, shifts it downward to the 
audibility threshold. 


4.1. Rotational Synchronous Distortion 


By using different speeds during recording 
and reproducing on the magnetic tape re- 
corder, it is possible to shift the pattern along 
the frequency axis, and we can obtain know- 
ledge of quality factors about frequency posi- 
tions from the subjective measurement carried 
out under this circumstance. In the physical 
and analytical study of chapter 1 where we 
designate the main formants in vowel patterns 
by fi, fz, (phonemic quality) and those in 
vocal patterns by F,, F:, (vocal quality), the 
two relations f,: f2 = const., and F, X F, 
= const. were generally observed irrespective 
of the variation in absolute formant positions 


due to the difference in physique and the 
difference in sex of the calling subjects. It 
is very important, from the standpoint of 
subjective study, to decide whether these facts 
observed in the physical experiment can also 
be confirmed or not. For this purpose we 
utilize RSD distortion which is thought to 
be the most meaningful. 


4.1.1. Quality Judgment Characteristics 


Fig. 20 shows the results of Experiments 2 
and 3 where the percentage of correct judg- 
ment of voice and phonemic qualities are 
plotted for seven conditions of RSD. 
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Fig. 20—Curves of voice- and phonemic-quality 
judgment by RSD (Experiments 2 and 
3) 


Both quality curves in Experiment 3 (calling 
pitch of 240 c/s) are lower than those in Ex- 
periment 2 (calling pitch of 140 c/s) and this 
may be due to the fact that the calling sub- 
jects (including males) are not accustomed to 
speak at the pitch of 240c/s. The detailed 
study of fundamental qualities by this dis- 
tortion has been published in Reference (43) 
and can be summed up as follows. 

Phonemic qualities, which show the relation 
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fi/fo=const. in the analytical study, can also 
retain high values in subjective measurement 
by RSD distortion. Especially the vowels of 
so-called double formants. “I” and “E”, which 
have a large ratio of fi/fz, are almost un- 
affected by this distortion and keep high 
quality; while the vowels of single formant, 
“A” and “O” are more sensitive to this dis- 
tortion. (Figure is omitted.) On the contrary, 
those voice qualities where the relation FX 
F,=const. is observable, deteriorate rapidly 
even for small distortions (for both upper and 
lower shifts). Voices “K” (voice with domi- 
nance of odd-harmonics) and “Y” (voice with 
dominance of even-harmonics), which have 
many distinctive harmonics in the upper 
structure usually responded to this distortion 
most sharply. Voices “F” and “N”, both 
having little harmonics originally and weak 
and poor upper structure consequently, are 
quite strong against this transposition dis- 
tortion. From this point, it can be assumed 
that this distortion acts on voice qualities 
very differently than it acts on phonemic 
qualities. (Figure is omitted.) In the preceding 
study of BED, we revealed the fact that 
phonemic quality is distinctly of a concentrat- 
ed nature depending on the position of con- 
centration; that is, the formants; in other 
words, that the phonemic quality is definable 
mainly by the “frequency construction”. On 
the other hand, by RSD we can prove that 
this quality is also dependent, in some measure, 
on the interval of f; and fi. In_ short, 
phonemic quality is defined not only by the 
absolute location of f, and fs along the fre- 
quency axis, but also in some measure by 
the relative positions of f; and fi, that is, the 
interval of the distance between f, and f,. 
It must be noted that in Fig. 20 this de- 
pendence of the quality on the frequency 
interval does not hold throughout the whole 
range. Further detailed study on quality re- 
sponse will be possible only by analyzing the 
confusion phenomena. 


4.1.2. Auditory Confusion Phenomena 


In order to analyze the confusion pheno- 
mena, Table 8 is provided to present the 
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Table 8 


CONFUSION MATRIX OF VOICE QUARITY IN RSD (EXPERIMENT 2) 
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Table 9 
CONFUSION MATRIX OF PHONEMIC QUALITY IN RSD (EXPERIMENT 2) 
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vocal confusion; that is, the confusion matrix 
of voice qualities, and Table 9 is for the 
phonemic confusion; that is, the confusion 
matrix of phoneme qualities. Both Tables 
are based on the data of Experiment 2. 

In Fig. 21 is shown the confusibility be- 
tween phoneme signals and phoneme quali- 
ties and in Fig. 22 is shown the confusibility 
between voice signals and voice qualities; 
both after being plotted in individual distort- 
ion conditions. With regard to the vocal 
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Fig. 21—Characteristics of individual confu- 
sibilities of phonemic quality in 
‘RSD (Experiment 2). 
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Fig. 22—Characteristics of individual confu- 
sibilities of voice quality in RSD 
(Experiment 2). 


confusion, the vocal patterns of individual 
voices are given in Fig. 23 for convenience 
in observing the correspondence between 
them. 


1) Phonemic confusion 


Fig.21 shows the individual confusion 
characteristics of the five phonemes in RSD, 
thereby stressing the distinctive difference 
between outgoing-(solid curve) and incoming- 
confusibilities (dotted curve) for almost every 
condition. It is easily seen that as a whole 
the confusion phenomena take place with 
some systematic regularity. These are the 
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Fig. 23—Pattern arrangement corresponding 
to voice-quality configuration (Ex- 
periment 2). 


same confusion trends that have been observed 
before regarding BED, and it can be said 
that the band concentration of phonemic 
factors is also detected by this distortion. 
Now let us examine these confusion trends 
for individual phonemes. For reference vowel 
patterns are shown in Fig.14(B), and in 
Table 9 a summary of detailed confusions is 
presented as the confusion matrix of five 
conditions of RSD. 
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“14”? Confusion characteristic 


This case shows the smallest confusibility 
among the five phonemes. This fact corres- 
ponds to the circumstance that this vowel has 
the largest phonemic double formant interval, 


f;/fe. Certain increasing of the characteristic 


of outgoing confusibility observed in the 
upper shift condition (r.r.>1) results clearly 
from the confusions outgoing from this vowel 
and entering into “e” and “u’”, and the in- 
creasing characteristic of incoming confusibili- 
ty observed in the lower shift (r.r.<1) is 
caused by the confusions coming respectively 
from “O”, “U”, “E”, etc. These details of 
confusion phenomena may be simply explain- 
ed by the conparison of the relative positions 
of phonemic formants of the vowels partici- 
pating in the confusion of this vowel. 


“B”—“e” Confusion characteristic 


The outgoing confusion of this phoneme is 
remarkable especially in the lower shift con- 
dition, where the most dominant confusion 
is that going chiefly toward “u”’ and there 
are also observed in some measure those 


€6*99 


which go toward “o” and “i. The dominancy 
of the confusion from “E” to “u’ may easily 
be explained by the fact that the frequency 
interval of the phonemic formants (f{/f2) of 
the Japanese Phoneme “U” has approximate- 
ly the same value as that of “E”. Weak 
confusions with the phonemes “O” and “I” 
may correspond to the fact that the first 
phonemic formant of “E” comes near the 
position of that of “O” and sometimes of that 
“T’. The general trend of poor confusibility 
in the upper shift may be accounted for by 
the fact that the position of phonemic  for- 
mants of this vowel never come close to 
those of any other vowels when the position 
is forced to move to the upper region by 
this distortion. Some incoming confusion 
noticed is that from “I” only. 


“ce (<4 Ld = \ 
A”—“a” Confusion characteristic 


The incoming confusion is dominant in the 
upper shift and the outgoing is dominant in 
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the lower shift. This vowel may be con- 
sidered as having a single formant in the 
phonemic sense, and its unique formant. is 
situated in the intermediate region among 
the formants of all five vowels. As there is 
no other vowel having a single formant higher 
than “A”, the outgoing confusion does not 
rapidly increase in the upper shift. As a 
reason why the confusibility in the condition 
of r.r.=1.13 decreases more than in the re- 
ference condition it is conceivable that this 
vowel was probably pronounced somewhat 
incorrectly by some calling subject and al- 
ready liable to be confused with “O” even 
in the reference condition, and the small dis- 
tortion in the upper shift rather improved the 
quality of this mispronounced vowel. The 
trend of dominance of incoming confusion 
becomes most remarkable in the condition 
r.r.=1.36, and the major part of the incom- 
ing confusion at this distortion point comes 
from “O”. The dominance of outgoing con- 
fusion in the lower shift condition is exactly 
the reverse of the dominance of incoming 
confusion in the upper shift. In short, the 
general trend of confusion of this vowel is 
determined by the dominant part of it and 
is decided chiefly by reciprocal influences be- 
tween “A” and “O”. 


*“O”—“‘o”? Confusion characteristic 


From the reciprocity in confusion between 
“A” and “O”, it can be easily seen that the 
main part of the dominant outgoing from 
vowel “O” in the upper shift condition is 
caused by confusion with neighboring vowel 
“A”. Jn this shift direction, a considerable 
amount of outgoing confusion goes toward 
“wy”, because the second formant of vowel 
“OQ” draws near the position of that of “U”. 
Some incoming confusion in the condition 
r.r.=1.36 (though not so conspicuous) comes 
mainly from “U”. The upper shift of the 
first formant of “U” gives rise to confusion 
with “O”. In the lower shift, both the in- 
coming and outgoing confusibilities take ex- 
tremely large values at the same time. The 
incoming confusions in this shift direction 
mainly come from “A”, but it is only the 


reversed phenomena in the upper shift and 
not much needs to be said. With respect to 
the outgoing confusions, those toward “u” 
prevail in this direction. This point can be 
explained by the consideration of relative 
positions of the first formant of these two 
vowels. 

It is important to suggest the following: it is 
only in this vowel that two confusibilities, 
incoming and outgoing, take equally large 
values in the lower shift condition. This 
means that this vowel is possibly situated in 
the most intermediate position in the phonemic 
sense. 


“U”—“u” Confusion characteristic 


The confusion trend of this vowel is the most 
characteristic of the five vowels and is clear- 
ly characterized by incoming confusion domi- 
nant in both the upper and lower shifts, the 
two curves of both confusibilities never cross- 
ing in both shift directions. The incoming 
confusion in the upper shift comes from “T’ 
and “O”. The displacement of the first 
formant of “T’ and that of the second formant 
of “O” by direction can account for this 
confusion trend. The remarkable superiority 
of outgoing confusion in the condition r.r.= 
1.36 is mainly characterized by the dominant 
confusion going toward “o”, and this point 
will be well explained by the shift of position 
of the first formant of “U” which results 
from the confusion with “O”. The confusion 
outgoing toward “e’”, which is expected from 
the similarity of formant interval between 
these two vowels, is not definitely found. 
The reason is either that the second formant 
of “U” was somewhat low in position and 
weak in intensity, or that the distortion 
amount was not yet sufficient. Confusion 
incoming from ‘“O” is the strongest in the 
lower shift, and then follows the incoming 
from “E”. The similarity in value of fi/fo 
explains the confusion with “E” and _ the 
neighborhood of mutual positions of the first 
formants explains the confusion with “O”. 

No conspicuous trend is found in outgoing 
confusion in the condition r.r.=0.75. With 
regard to the formation of the phonemic 


quality of this vowel, it is important to notice 
that both the first and second formants must 
be taken equally into consideration for the 
explanation of incoming confusion. For other 
vowels such ‘as “I” and “E”, one of these 
two formants is stronger than the other in 
the phonemical sense. There is no vowel 
other than “U” which has two conspicuous 
formants contributing equally to the formation 
of phonemic qualities. 

Summing up the confusion studies for the 
individual vowels, it may be said that all the 
confusion trends can be explained by the 
displacement of formant position by distortion 
shift. This means that by virture of RSD 
we can detect the likely kind of mechanism 
of phonemic quality formation as found in 
BED, namely, we can reveal the phonemic 
nature of concentration and localization of 
band quality and we can detect also their 
dependency upon frequency interval. 


2) Vocal confusion 


Individual characteristics of vocal confusi- 
bility for four voices with RSD distortion are 
shown in Fig. 22. Compared with those of 
phonemic confusibility, all these curves of 
vocal confusibility are a little complicated and 
there is relatively small differences between 
the two kind of confusibility curves. Particu- 
lar attention, however, should be paid to the 
fact that when the distortion is still small 
(rome rr, —0:87 to rr=1.13)) these vocal 
confusibility curves show more significant 
tendencies than those of phonemic confusibili- 
ty (shown in Fig. 21) in the same domains 
of distortion. This is the same trend observed 
in the curves of general quality judgment 
(Fig. 20) where the general voice judgment 
curves show more rapid inclination of drop 
than those of general phoneme quality judg- 
ment in the same distortion range. This 
means that even a small amount of rotational 
synchronous distortion like this or even the 
small shift of pattern figures caused by the 
small distortion can give rise to a more 
serious modification in vocal quality than in 
phonemic quality. These vocal confusibility 
curves will now be examined for each com- 
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bination of the voice signal and the corres- 
ponding vocal quality, and from the joint 
observation of the confusibility curves and 
the vocal pattern we want to study the es- 
sential characteristics of vocal quality element 
detectable by this distortion. The vocal 
patterns of these voices are given in Fige23. 
In this figure, the positions of corresponding 
pattern parts most significant in the lower 
frequency region are shown by the three 
curves with arrows, in order to facilitate the 
understanding of the positional relations be- 
tween individual voices. 

Curve “a,;”=first formant of “I” and “U”. 

Curve “a.” =first formant of “E” and “O”. 

In the case of voice “K” only, a part of 
the first formant of “U” is included. 

Curve “a;” =first formant of “A” and second 
formant of: “Ot “Ut sand ae 


“y”_“y? Confusion characteristic 


Curve shows the characteristic form, particu- 
lary in the upper shift distortion, and shows 
relatively little difference between the two 
confusibilities in the lower shift. It is seen 
in the confusion matrix (Table 8) that the 
dominance of outgoing confusion in the con- 
dition r.r.=1.13 is caused by the nonreciprocal 
confusion between “K” and “N”. As ex- 
plaining this trend, we can refer to the re- 
lative position of the fourth formant shown 
by the “d” line in Fig. 21. The contribution 
of this fourth formant region to the voice 
quality “k’” and also the contribution of the 
third formant region given by the ‘“‘c” line 
(probably including the fourth formant in the 
“d” line) to the voice quality “y” have already 
been detected by the BED distortion (particu- 
larly by HC 4.2kce and 2.1kc). Thus the 
importance of the formant regions in the 
sense of vocal quality is equally proved by 
the RSD distortion, the importance of which 
depends upon the frequency positions. By 
careful inspection of the lower structure, it 
is possible to trace that the above confusion 
trend also corresponds to the detail in the 
lower structure; that is, the confusion trend 
can be well explained by the relative position 
of the pattern parts shown by the Sar rane 
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ease lines. Calling subject “Y” has a smaller 
physique than “K” and “N”, and the peak 
position in his pattern shown by the “a,” line 
is relatively higher. By a small upper shift, 
it moves further to a higher position and 
readily comes close to the positions of the 
“a2” line of “K” and “N”, thus giving rise 
to the vocal confusions. “Yk” and “Y”— 
“n”. In the conditions r.r.=1.25 and ISGe 
the “a,” part of “K” draws near the “a,” 
part of “Y” and causes an increase in in- 
coming toward “y”. The same confusion 
trend at these distortion points can be also 
explained as follows: This confusion trend 
is caused by the fact that the position shown 
by the “b” line of “K” in the upper structure 
draws near the position shown by the ‘“‘c” 
inter -"Y”", 

In the lower shift, for example in the con- 
dition r.r.=0.95, incoming confusion increases 
while outgoing confusion decreases. This may 
be explained simply by reversing what has 
been said for the condition r.r.=1.13 in the 
upper shift; that is, mutual approach of 
formant positions in the “d” line of “K’’ and 
yee wellsas thattol the “as” part of “K” 
and “a,” part of “Y” can be the explanation. 
Sudden increase in outgoing confusion at the 
point r.r.=0.87 in the lower shift condition 
and a little dominating tendency of the out- 
going confusion in the subsequent conditions 
can be equally explained by the consideration 
concerning mutual relation of formant positions 
in individual patterns caused by the variation 
of physical statures, as in the case of upper 
shift. In this case, however, the outgoing 
confusion at the point r.r.=0.75 seems to be 
too small, compared with the degree of domi- 
nance of incoming at r.r.=1.36, and the 
reason for this is not yet clear. 


“K”—“k”? Confusion characteristic 


By rough inspection, a clear superiority of 
outgoing confusion in the upper shift condition 
and some superiority of incoming confusion 
in the lower shift condition are noticed, 
though the curve forms are in general a little 
complicated. In the confusion matrix (Table 
8), it is seen that the conspicuous increase 


in outgoing confusion at r.r.=1.13 is mainly 
caused by an nonreciprocal confusion of this 
voice with “N”. For an understanding of the 
confusion between “K” and “N’, the differ- 
ence in the upper structures of vocal patterns 
can be excluded from our consideration, be- 
cause in these structures the distinct difference 
is found rather in intensity dimension and 
not in the positional factors. When we 
compare then the lower structures of “K” 
and “N”, it is readily recognized that a similar 
systematic difference in pattern exists between 
them as that found between “K” and “Y”. 

This seems to come from the difference in 
physiques as in the previous case: The call- 
ing subject “IN” is larger in physique and 
thus the position of his formant is generally 
lower. Such a positional difference in pattern 
can be considered as directly corresponding 
to the confusion trend described above. For 
comparative small amount of distortion in the 
upper shift, the confusion coming from the 
voice with higher peak position (“K’’) and 
entering into the voice with lower peak 
position (“N”) is stronger than the reverse 
confusion trend which comes from the voice 
with lower peak and enters into the voice 
with higher peak. This is also the case in 
the confusion between “Y” and “K’”’. It seems 
to contradict the consideration where the 
positional relation found in corresponding 
peaks in vocal patterns in question is always 
and solely responsible for confusion interpre- 
tation. In such a case, it is far better to 
consider, as corresponding to confusion trend, 
the mutual positions of particular peak parts 
only: In this case, for example the positions 
indicated only by curves “a,” and “a3”. The 
position shown by curve “a3” in the “N” 
pattern is actually situated somewhat lower 
and consequently the vowel “A” of this voice 
has some “o”-like timbre. By this distortion, 
the formant of the vowel “O” (indicated as 
curve “a.’”’) of the neighboring voice “K”’ is 
shifted upward and gives rise to vowel “O” 
sounding with an “a’’-like timbre thus result- 
ing in vocal confusion with the voice “N”. 

Dominance trend of the outgoing confusion 
at the point r.r.=1.36 is due to nonreciprocal 
confusion of this voice with “Y”’, as explain- 
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ed in the preceding item. In the lower shift, 
dominance of incoming confusion, is evident, 
and as an explanation of it, we can utilize 
the vocal pattern correspondence given by 
the reverse of the explanation in the upper 
shift distortion. 


‘N”—“n” Confusion characteristic 


Dominance of incoming confusions at r.r.= 
1.13 and 0.87 is clear. From inspection of 
the confusion matrix, it can be seen that the 
conspicuous increase in incoming confusion 
in the upper shift is caused by nonreciprocal 
confusion of this voice with voice “K”. This 
was already observed in the preceding item. 
Therefore the explanation may be almost the 
same as that in the preceeding item, though 
here is some nonreciprocity between “N” and 
“VY”? As will be seen in the confusion matrix 
(not shown in Table 11), the increase in in- 
coming confusion at r.r.=0.87 is due to the 
nonreciprocal confusions between “N” and 
“Y” and between “N” and “F’”. These trends 
can also be considered as corresponding to 
the mutual relation of peak positions in the 
vocal patterns concerned. For nonreciprocity 
“N”—“k” which occurs in the lower shift 
condition and which contradicts the validity 
of the uniform positional relation found in 
every peak structure, special attention should 
also be paid here and the special positions 
of particular peak structures should be stress- 
ed primarily, ag stated before. 


“F”—“f” Confusion characteristic 


Incoming confusion is dominant at r.r.=1.13 
and outgoing confusion is generally dominant 
in the lower shift. But the dominance of 
incoming confusion in the upper shift is not 
worthy of mention, because it is almost the 
same as in the reference condition. It is seen 
from the confusion matrix that dominance of 
outgoing confusion in the lower shift is 
caused by nonreciprocal confusion of this 
voice with “N” and with “K”. The mutual 
relation of peak positions in pattern structure 
is also a reasonable explanation of these 
characteristic confusions of this voice with the 
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neighboring voices having comparatively 


strong fundamentals. 

Reviewing all the above considerations, it 
is generally concluded that most of the non- 
reciprocal confusions taken into consideration 
are explained by the positional relationship 
found in the corresponding peak structures 
of the vocal patterns concerned. It is accord- 
ingly possible to say that the RSD distortion 
can reveal the delicate element of voicequality 
contributed by the position and sharpness of 
the formants; in other words, we can obtain 
the importances of the peak and glenstructure 
of the vocal pattern which defermine the 
real situation of the so-called formants. It is 
a unique merit of this distortion that such 
fine structure of vocal patterns as vocal nuance 
can be detected and there is no other dis- 
tortions serviceable for revealing such a fine 
structure. 


4.2. Attenuation Distortion 


If the quality distribution in the frequency 
domain can be obtained by quality measure- 
ments of the BED distortion, quality measure- 
ments should be made of the AD distortion 
to obtain the quality distribution in the level 
domain. Differing from the BED distortion 
where the sensation area is cut in the vertical 
direction only, this AD distortion brings 
gradual change of pattern caused by cutting 
parallel to the audibility threshold. Further, 
the meaning of the peak part of patterns in 
the quality view may be clarified by analysis 
of the quality response to the signal stimuli 
brought near the threshold. Apart from the 
pure theoretical viewpoint of speech quality, 
subjective measurements in AD is also neces- 
sary for the rating of speech communication 
systems. However, the problem of system 
rating is not treated here. 


4.2.1. Quality Response Characteristic 


Mean characteristic curves obtained by 
averaging measurements of the two qualities, 
phonemic and vocal, at several distortion 
conditions of AD are shown in Fig; 24..-The 
solid curve stands for the phoneme quality 
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characteristic, and the dotted curve the voice 
quality characteristic. 


Phoneme Judgment | 


ae ee 
Voice Judgment ~~~. 
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Fig. 24—Characteristic curves of phonemic and 
vocal qualities in AD (Experiment 6). 


After retaining high percentages in small 
distortion conditions, the phoneme quality 
curve shows a sudden fall which begins from 
the attenuation of about 35dB. The voice 
quality curve, on the contrary, falls from the 
begining with a gentle slope, and falls always 
with varying slope. Such a remarkable di- 
fference between the two qualities was already 
recognized also in BED. The quality response 
which behaves not too sharply but gently 
against both the band and level distortions 
seems to belong to the voice quality. The 
slope of the voice quality curve becomes 
fairly large in the neighborhood of 40dB 
attenuation and this point coincides approxi- 
mately with the begining of the elision 
phenomena. In Fig. 24 are indicated further 
values of various kinds of thresholds. The 
threshold of 50% audibility for a 1,000c/s 
pure tone has the lowest value, corresponding 
to the attenuation of about 57bB. At this 
point, the percentage of the phonemic quality 
is about 27%, and that of the voice quality 
judgment is about 5%. The mean threshold* 


* This threshold was obtained by the listeners for the 
particular criteria of binary judgment, “audible” or 
“inaudible,” instead of making ordinary quality judg- 
ments. 


of 50% audibility averaged for all vowel 
signals corresponds to the attenuation of 
about 51 dB. 

As corresponding to the 50% correct judg- 
ment in phonemic quality; that is, as the 
threshold of phonemic judgment, attenuation 
of about 49 dB is determined. This value is 
not so very different from that of the audi- 
bility threshold of vowels (51dB), but from 
this superficial fact, it should not be im- 
mediately concluded that most of the audible 
vowel signals have been correctly judged 
with regard to phonemic quality. The reason, 
as will be explained later in more detail, is 
that there is only 34% (not 51%) elision in 
the phoneme judgment at this attenuation 
point. This fact seems to reflect that the 
listeners paid more atention when they are 
forced to judge the phonemic quality of 
signals than when they are simply forced to 
judge the audibility of signals. Likewise the 
attenuation of about 41 dB can be obtained 
as corresponding to the 50% threshold of 
the voice quality. It is interesting and even 
important to notice that this threshold attenu- 
ation for the voice quality is much less than 
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that for the phonemic quality. 
4.2.2. Confusion Phenomena in AD 
1) Phonemic confusion 


The confusion matrices for the attenuations 
of 30, 40, and 50 dB are shown in Table 10. 
In this table are arranged vowels and pho- 
nemes so that confusion trend at low level 
may easily be found. 
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The blocks outlined with solid lines show 
domains of grouping most conspicuously re- 
congnized, while those outlined with dotted 
lines show not so distinct ones. At the at- 
tenuation. of 30 dB, the group between A” 
and “O” are most distinct and the group 
between “U” and “I” is alse recognizable: 
Though it is without much clearness, there 
is another group composed of “U”—“I’-“E”— 
“OQ,” revealing thereby a confusion trend 
coming from individual vowels and going to 
“4.” These trends of composing group in- 
crease more remarkably from the attenuation 
of 40dB and the groupings between “U” 
and “I” and between “A” and “O” become 
far more distinct. The grouping between “E” 
and ‘‘O” is also conspicuous but a somewhat 
nonreciprocal, and the grouping in “U-I-E- 
O” also becomes distinct, thereby indicating 
the confusion coming from individual vowels 
and going to quality “u.” From the joint 
consideration of the vowel patterns compared 
with the confusion characteristics, it is noticed 
as common trends that there exist distinctive 
formants having close mutual relations in the 
individual patterns which compose a certain 
group. The reason why the nonreciprocal 
confusion happens in the group of “E-O” 
may be explained as follows: 1) the frequen- 
cy positions of the first formants of these 
two vowels are close to each other; 2) “O” 
has only a single formant and its unique 
quality factor seems easily to disappear at 
the lower level, while for ‘“E” the second 
formant is a far more important factor than 
the first; further the second quality factor 
seems to remain, still audible even at the 
lower level. It may be suggested by the same 
nature of things that the phonemic circum- 
stance of plural formants causes “E” being 
confused more easily with “U” rather than 
with “O,” because the first formant of “E” 
is situated closer to the formant of “O” than 
thatrot | Wee 

The elision phenomenon increases at the 
attenuation of 50 dB, and the confusion trends 
at the attenuation of 40dB begin to be of 
an ambiguous nature, with some traces. still 
remaining to a certain extent. 

In summing up, the contents and details 
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of the phoneme confusion in AD may reason- 
ably be explained by examining whether the 
phonemic formants remain audible or not in 
the neighborhood of the audibility threshold. 
Further we can say that the manner in the 
phoneme judgment in the lower level seems 
depend upon the recognizability of peak po- 
sitions in vowel patterns brought down-ward 
to the threshold. if the peak in question is 
really an important part, its phonema can 
still be recognized even when that peak ap- 
proaches extremly close to the boundary of 
the audible domain. And, as soon as the 
peak goes down below the threshold, the 
recognition of phoneme is suddenly destroyed 
and consequently the percentage of correct 
phoneme judgment abruptly diminishes. 
These statements tell us nothing but the 
band-localizability of quality concentration and 
band-independency of quality recognition for 
individual phpnemes. It is also noteworthy 
that the conspicuous quality-formative action 
is never observed in this AD _ distortion 
throughout all the distortion ranges. AD dis- 
tortion does not present so many things as 
BED, so long as the mechanism of the 
formation of phonemic quality concerns. 


2) Vocal confusion 


The representative confusion matrices at 
the attenuations of 30, 40, and 50dB are 
shown in Table 11. 

The manner of showing the confusion 
groupings by block is the same as in the 
previous phonemic case. The confusion 
matrices in BED are also given in Table 12 
for the convenience of comparison, and the 
matrix of this voice group in the reference 
condition is shown in Table 2. It is readily 
seen that the confusion trend observed in 
the reference condition is still conspicuous 
even at the attenuatjon of 30 dB; further, in 
this stage of distortion the trend of non- 
reciprocal confusion is also entirely the same, 
with only the difference that thereby the 
voice judgment in general becomes a little 
ambiguous. From the attenuation of 40 dB 
the grouping of “M-H” becomes less con- 
spicuous and the outgoing confusion from 
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Table 12 


VOCAL CONFUSION MATRIX IN BED (EXPERIMENT 6) 
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“H” comes to lose its particular destination 
(object of confusion). This trend conforms 
entirely to that observed at HC 1.5ke in 
BED and this means that the disappearance 
of higher noise components from the voice 
“H” is taken in common consideration as 
the cause of this trend. From the attennation 
of 50 dB all the groupings are broken down, 
but only the group of “S’-M’” retains its 
trace. This resembles the confusion trend 
brought about by HC 0.7ke in BED, al- 
though with the less equivocation in the HC 
case. As a whole distortion AD effects the 
vocal confusion in almost the same manner 
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as in HC distortion but the former is less 
characteristic. This may be explained as 
follows: As the vocal patterns originally have 
envelopes similar to those caused by the 
frequency characteristic of a low pass filter 
with gradual attenuation, the AD distortion, 
roughly speaking, brings about a very slow 
high frequency cutoff effect of pattern figure 
without such marked emphasis on suppression 
of a particular band accompanying as is 
usually seen in the case of BED. 

After all, the AD distortion is not conceiv- 
ed as the decisive distortion of interest, while 
RSD is a very interesting distortion which 
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furnishes new knowledge on voice-quality 
construction. In the latter case, it became 
clear that voice quality depends not only 
upon the outline of envelopes of vocal 
patterns, but also on its detailed construction; 
in other words, on the delicate positional in- 
formation of formants in vowel patterns. 
Further study should be made as to how 
such voice-quality factors are inter-related to 
phonemic-quality factors. As for the phonemic 
quality, its quality factors are much more 
band localized and depend strongly upon the 
frequency position. This was detected equally 
in the experiments by the RSD and AD dis- 
tortions, the former also revealing the de- 
pendency of this quality upon the frequency 
interval of constitutent factors. Under these 
circumstances, there is possibility to introduce 
a more proper scheme of pattern expression 
to represent the phonemic quality. The 
mechanism of quality formation of “U” is 
the most complicated among the five vowels 
and the representation of its timbre pattern 
will be the most difficult one. This is pro- 
bably due to the characteristics of “U” in 
Japanese. 


Discussion and Summary 


The word “quality” as used in “speech 
quality” or “transmission quality” has a very 
important concept in speech communication 
or speech transmission. The evaluation of a 
subjective system a system composed of a 
combination of caller and listener) will be 
possible by introduction of an objective trans- 
mission system and by application of trans- 
mission techniques, meanwhile the rating of 
a physical transmission system can be made 
solely by the response of the subjective 
system (namely, speech quality). The evalu- 
ation of a subjective system and the rating 
of an objective system are in a relation of 
interdependence: According as the one is 
clarified, the other will be brought into clear- 
ness by itself. 

In the present study the first effort has 
been made solely by centering on the subject 
of vowel timbres in order to introduce and 
define a new concept of quality called “voice 


quality”, although our study was originally 
started from the concrete and practical pro- 
blem of the rating of speech transmission 
systems. To clarify “voice quality” it is 
necessary to put it in contrast with “phonemic 
quality” which was the only concept of the 
traditional articulation transmission, and thus 
the monism of quality in the past should be 
replaced by the dualism. The “phonemic 
quality” and ‘“‘voice quality” are embodied 
inseparably in an actual structure of vowel 
timbres. Overcoming this difficulty of indi- 
visibility between “voice” and “phoneme” in 
vowel sounds, each of the two qualities was 
extracted by the proper methods, and as the 
first stage of our study it was proved that 
these two qualities, phonemic and vocal, are 
quite different from each other and that the 
one is neither subordinated to the other nor 
predominant over the other. Of course, be- 
cause of the fundamental nature of the quali- 
ties, one can not entirely be independent of 
the other; they are probably most intimately 
connected with each other by some law 
which is not yet known. Be that as it may 
it is however very necessary to insist that 
these two qualities can have their own 
proper “raisons d’étre’ and therefore it is 
possible to prove that they differ from each 
other. The methods adopted here can be 
divided into the following three. The first is 
the method of deriving two kinds of vowel 
timbre patterns corresponding to the two 
quality concepts, phonemic and vacal. They 
are called “phonemic patterns” and “vocal 
patterns”. The second is the actual subjective 
measurement of the timbre quality by impress- 
ing the timbre signals corresponding to the 
respective patterns as our objective signals. 

It means actual observation by subjective 
measurements of the values of the two quali- 
ties. This observation has been continued for 
many years in our Laboratory using various 
combinations of voice variaties and_ listener 
groups. To make this kind of experiment 
very effective, only observation under dis- 
tortionless condition is not sufficient and thus 
the observation must be carried out on speech 
qualities in various conditions where trans- 
mission distortions are introduced. We can 
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study by this method the exact relation or 
“correspondence” between “deformed patterns” 
and “modified qualities” and this serves for 
the study of quality interpretation designated 
as the third item of our study program. 

To clarify and reveal the meaning of the 
quality construction contained in the timbre 
patterns, we used chiefly the BED distortion, 
because timbre patterns are usually consider- 
ed as “frequency” construction or “harmonics” 
construction. This distortion is a combination 
of systematic, directional and at the same 
time gradually increasing high-cutting and 
low-cutting. In addition to this, RSD and AD 
distortion were also used. It is clearly point- 
ed out that the phonemic and vocal qualities 
respond characteristically and differently for 
the application of distortions: for distortion 
where either the band is cut off gradually 
from upper band to lower or from lower 
band to upper; or where signal patterns as 
a whole are gradually shifted to a higher 
position or to a lower position; or where 
finally signals are gradually lowered as a 
whole toward the auditory threshold. Con- 
cerning the point that the responses of pho- 
nemic and vocal qualities differ of course 
depending upon the type of distortion, we 
can say that it was a sufficient to prove that 
these qualities were different from each other. 
The inner mechanism of quality formation, 
for example phonemic and vocal qualities, is 
not yet clarified. To complete our quality 
study, the study of auditory timbre confusion 
should be considered for minute interpretation 
of quality phenomena. 

The quality is diminished by introduction 
of transmission distortions, because the quali- 
ties are destructed by distortions. Therefore 
precise study of quality deterioration should 
be based upon the minute observation of 
quality destruction mechanism. As the second 
becomes lower, mishearing is more likely to 
occur. As the sound is destroyed, ambiguity 
increases and mishearing occurs. Study of 
mishearing, that is, of confusion will be a 
principal theme for minute and precise quali- 
ty study. It is a study of greater significance 
and of more attraction than the analysis of 
correct hearing phenomena. However, at this 
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stage, attention should be paid to the fact 
that a study of confusion, requires voluminous 
data, troublesome to arrange; and further that 
it may be temporarily sufficient from the 
practical standpoint of the problem but in- 
sufficient from the standpoint of timbre quali- 
ty theory, when the contents of confusion are 
based upon the details of quality deterioration 
caused by so-called mishearing. Significance 
of confusion in quality theory will be en- 
hanced by considering not only outgoing 
confusion but also incoming confusion, as the 
former clarifies the mechanism of quality 
destruction and. the latter that of quality 
formation. Introduction of the concepts of 
“outgoing” and “incoming” confusion bring 
double meanings in quality of speech, giving 
respectively “+” and “—” meanings to 
formant theory. As this point is exceedingly 
important for quality theory, phonemic quali- 
ty was considered for more concrete ex- 
planation. 

As a condition governing phonemic quality 
such and such formant has been said to be 
placed in such and such frequency position 
in the structure. This may surely be a 
necessary condition to define phonemic quality, 
but it is not sufficient. To make the definit- 
ion perfect, it should be added that dominance 
should not be placed in such and such po- 
sitions. Then necessary and sufficient definit- 
ions will be those which describe both 
positive and negative importances as follows. 

(1) Dominant part in structures should be 
placed in such and such positions: description 
for peak structure with regard to patterns, 
and proposals of “positive importance” in 
respect of qualities. 

(2) Dominant part should not be placed 
in such and such positions in the structure: 
description for glen structure with respect to 
patterns, and proposals of “negative im- 
portance” with regard to qualities. 

As a definition of speech quality, these two 
conditions must be fully considered. Consider- 
ation of confusion, as an advanced step in 
our study of internal phenomena of qualities, 
yet limited to confusion as quality destruction 
phenomena due to distortion, so long as it 
considers confusion among articulation loss. 
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(This is outgoing confusion). Quality des- 
truction phenomena, though it may seem 
strange at first glance, allow the natural ex- 
planation that incoming confusion should be 
considered by seeking quality momentum 
forming in the concept of frequency band. 

Voice quality may be viewed froin the 
same standpoint, too. The distribution of 
voice qualities, different from phonemic quali- 
ties is rather dispersive and non-concentrated 
as already explained. In other words, for 
this quality concrete and fine forms of enve- 
lope outline of vocal patterns are also re- 
sponsible. To phonemic quality, it is “positive 
importance” by peak structure that plays a 
leading part in contribution. In this case 
“negative importance” by glen structure has 
only a subsidiary and supplementary meaning. 
In voice quality, positive and negative im- 
portances are quite comparable in_ their 
influence and quite concurrent in their action. 
It is necessary to add a notion that the peaks 
and glens in structures must be considered 
in mutual relation between all signal patterns 
and must not be evaluated by the absolute 
values solely in the pattern of the signals 
considered. Here we try therefore to compare 
the individual patterns with an averaged 
pattern in order to bring the “peaks and 
glens” in bold relief. Comparison with an 
averaged pattern is in some measure useful 
in the consideration of quality order in the 
signal ensemble. By the comparison process 
of phonemic patterns with phonemic qualities 
and of vocal patterns with voice qualities, it 
was first possible to concretely describe and 
define the respective qualities. This shows 
that these patterns have been appropriately 
introduced. 

Viewed from a physical standpoint, wave 
forms or pattern types are simply as_ such, 
expressing nothing else, notregardless of the 
whether waves and patterns are expressed on 
the time axis or frequency axis. When we 
are inclined to add some meaning or im- 
portance to them, mistakes are likely to 
happen, as clearly ahown by the past mistakes 
in formant theory. For example, in physical 
aspect, it is nonsense to determine a hub or 
navel at some point in waves or patterns. 


When we reflect to quality, the matter is di- 
fferent. It is because sensation is limited, and 
in the limited sensation there is some domain 
of so-called “adaptation”. Then there should 
be the center in the region of adaptation and 
of course there may be the regions of “ex- 
tension”. It is not mistaken but rather reason- 
able to expect the centers of qualities in the 
physical patterns in association with the 
principal correspondence to quality formation, 
or to evaluate the significances of pattern 
structure as corresponding to importances in 
the mechanism of quality formation. The 
introduction of a phonemic or vocal formant, 
if mechanically named for the physical struc- 
ture of the patterns, may be irrational and 
dogmatic, but it is perfectly rational and 
reasonable if introduced after careful exami- 
nation by quality consideration. 

The quality-balancing point is used here 
as one of the central concepts. It may be 
one of the clues serviceable in quality inter- 
pretation. Transmission Sience in the past 
could have the concept of “bandwidth”, but 
could not have that of band-center. Band- 
quality as well as level-quality should have 
some concept of “hub” or center. It is very 
strange that there were only concepts of fre- 
quency band and dynamic range, but no 
concept of “center”. The base in transmission 
science with the center lacking must be re- 
founded. 

It is very natural that the central concepts 
are different, as they may be, according as 
the quality differs. For example, the center 
of voice quality comes from the fact that it 
is divided into higher and lower bands and 
widely dispersed and spread, bordering vocal 
glen which appears clearly in the system of 
vowels of Japanese. In phonemic quality 
there are two distinct centers, one being the 
center of “+” importance and the other of 
“__”? importance. Individual phonemes have 
quality accumulative points as belonging to 
their own phonemic quality, which becomes 
the center of “+” importance. They also 
have “—” quality band of their own, in the 
midst of which exists the center of “—”. 
The crossing point of both characteristic 
curves by LC and HC was pointed out as 
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appearing generally in the center of or near 
the distribution center of phonemic quality. 

More precisely considered, it is with reason 
that the crossing point of incoming confusion 
generally conforms with this “+ quality 
accumulating point and that the crossing 
point of outgoing confusion coincides with 
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center of this ““—” quality band. 
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Staggered Operation of Doubly Resonant 


Parametric Amplifiers’ 


Shigetaka HAMADA}{ and Hisakazu MUKAI} 


To obtain a broad bandwidth, a staggered operation of doubly-resonant variable-capact- 
tance parametric amplifiers in the 6 Ge band has been studied. A doubly-resonant amplifier 
has been achieved by inserting a resonant stub into a waveguide cavity. The experimental 
results, especially the improvement of bandwidth characteristics by adjusting the phase 
difference between the pumps of two parametric amplifiers connected in cascade are re- 
ported. For a gain of 29 dB, a bandwidth of 55 Mc has been obtained. 


Introduction 


Since the invention of the parametric 
amplifier, many resonant amplifiers have been 
designed. But they all suffer from the limit- 
ation that the bandwidth, which is deter- 
mined by the Q of the turned circuit, is 
narrow. As a method to improve the band- 
width characteristic, staggered operation of 
several resonant-circuit parametric amplifiers 
is considered. 

In a resonant-circuit parametric amplifier 
for staggered operation, the resonant-circuit 
must be tuned to both the signal and the 
idler and the pump frequencies. An amplifier 
of this type, i.e. a doubly-resonant parametric 
amplifier which may be conveniently con- 
nected in cascade has been designed. This 
amplifier consists of a resonant waveguide 
cavity and an added resonant element, and 
can be tuned to two frequencies with an 
arbitrary frequency difference. 

Let two such amplifiers be connected in 
cascade through a circulator. As both the 
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output signal and the idler of the first ampli- 
fier enter the second amplifier, the perform- 
ance of the second amplifier is different from 
that of the first amplifier, to which no_ idler 
is fed. This effect will be useful for improving 
the resultant gain characteristic of resonant- 
circuit amplifiers. 


1. Doubly-Resonant Parametric Amplifier 


1.1. Construction 


The construction of the doubly-resonant 
parametric amplifier is shown in Fig. 1. The 
signal is fed into the amplifier through the 
waveguide a shown in Fig. 1, and the ampli- 


Fig. 1—Design features of the doubly-resonant 
parametric amplifier. 
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fied signal and the idler also flow out 
through a. Being of the non-directional 
resonant type, this amplifier needs a circuit 
such as a circulator or a directional coupler 
to separate the output signal from the input 
signal. Pump power is supplied to the semi- 
conductor diode g through the coaxial line 
b, while d.c. bias is supplied through c. The 
waveguide cavity between g and the short 
piston d forms a resonator for about 6 Gc, 
and a stub f is inserted into it as another 
resonant element to make a doubly-resonant 
circuit. The short piston has a double-stage 
construction to have a different effect on the 
signal and pump. The circuit to adjust the 
susceptance of the crystal and its supporting 
circuit is shown at e. It, together with the 
crystal and its supporting circuit, can also be 
used as a resonant element in place of the 
stub to obtain a doubly-resonant circuit. 


1.2. Principle of Operation of the 
Amplifier 


There are two methods to get a boubly- 
resonant circuit in this amplifier; one with a 
stub as an added resonant element, and the 
other with the crystal circuit itself. 

1) The case using stub resonance. 

The stub is inserted near but slightly apart 
from a standing-wave node in the cavity 
resonator. Then the susceptances of the cavity 
at the stub position, looking towards the 
short piston and looking towards the semi- 
conductor diode are as shown by the dotted 
curves of Fig.2. On the other hand, the 
susceptance of the stub is shown as a. solid 
curve. The summation of these susceptances 
becomes zero at two frequencies, f; and /2. 

2) The case using the resonance of 
diode circuit itself. 

The susceptance of the diode  circult, 
which consists of the diode, its supporting 
coaxial line, and a coaxial short piston, has 
the characteristic shown by the solid curve 
of Fig.3. In the figure the dotted curve 
shows the susceptance of the cavity looking 
towards the short piston. The summation of 
these susceptances again becomes zero at two 
frequencies, f; and /2. 
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Be: Susceptance of the cavity at the stubpoint 
looking towards the short piston. 

Beg: Susceptance of the cavity at the stub point 
looking towards the semiconductor diode. 

Bs: Susceptance of the stub. 


Fig. 2—Principle of double resonance. 


Frequency (Mc ) 


Be: Suseptance of the cavity. 
Bz: Susceptance of the diode circuit. 


Fig. 3—Principle of double resonance. 
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1.3. Experimental Results and the 
Consideration of Them 


1) The case using stub resonance. 
The circuit has been designed for a signal 
frequency of about 6 Gc and a pump frequen- 
cy of 12Gc. The separation between the 
two resonant frequencies corresponding to 
the signal and the idler can be varied by 
adjusting the depth and the position of the 
stub. Experiment has proved that the Q of 
the circuit is high and the bandwith is rather 
narrow. A gain of 32dB for a bandwith of 
2Mc and a gain of 26dB for a bandwith of 
7Mc are obtained when the pump power is 
10 mW. 
2) The case using the resonance of the 
diode circuit. 


19 dB 
72 Vic 14 dB. 
22 aS SS 
5,900 5,944 6,000, 6,056 6,100 


Frequency (Mc) 


Fig. 4—Amplification performance by the doubly- 
resonant parametric amplifier. 


In this case a comparatively broad-band 
characteristic have been obtained. An example 
is shown in Fig. 4. But in order to get a 
wide bandwidth the admittances of the circuits 
for the signal and the idler must be _ shifted 
slightly out of tune, and become inductive. 
When the both circuits are precisely tuned, 
amplification occurs with a very low level of 
pump power, but bandwidth is narrow and 
the amplifier is apt to oscillate. 

Here, let us consider why a broad-band 
characteristic is obtained when the admit- 
tances of the circuits for the signal and the 
idler are shifted slightly out of tune. The 
equivalent circuit of a parametric resonator 
is shown as Fig. 5.“ This figure shows that 
the resonant circuit for the w, is combined 
with the circuit for the idler w, through the 
nonlinear reactance of a semiconductor diode. 
Here the current and the voltage of the non- 
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linear reactance satisfy the following equ- 
ation:’”” 


ie \ Sea feel Vi ) 
ae jBx jBo2 /\ V2" 


= 0 Jo\ce9» \ Vi ) 
| —jorcie I 0) V,* 


Gy 
fi Je te rae 
le + f - + Vee ] we) 
es y = tae 
Gs IW | al A ae | ie | V2 
i Reel | a 
= Sh eye C=2C\cos(wett+Op), Y2=9,4/482, 


Fig. 5—Equivalent circuit of a parametric 
amplifier. F, and fF» are ideal 
filters which let only J; and 
respectively pass. 


When there is no idler input, the circuit 
admittance for @, is: 
‘ : ie iB sou 
¥.=04-2 ae +i By+—= va ] 


(2) 


In this equation the second term of the 
real part expresses a negative conductance, 
and the second term of the imaginary part 
shows the effect of the imaginary part of the 
idler circuit connected through the nonlinear 
reactance. The experimental results are ex- 
plained as follows: as Bi. and By, have 
Opposite signs, the susceptances of the signal: 
and the idler circuits, B, and By in Equation 
(2), are compensated for by one another when 
they have the same sign. And the change of 
susceptance caused by the frequency deviation 
is not so steep as when each circuit is in 
tune. Therefore a relatively broad-band 
characteristic is obtained. Of course, the 
efficiency of amplification is reduced by the 
decrease of negative conductance, but it is 


VOLUME 9, NUMBERS 1.2, JANUARY-FEBRUARY, 1961 


-Attenuator 


| Short- 
plunger 


Signal generator | 


D.C. bias 
source 


compensated for by the increase of pump 
power. 


2. Staggered Amplification 


2.1. Circuit Arrangement and Experi- 


mental Results 


The arrangement of an experimental circuit 
is shown in Fig.6. Two resonant circuit 
parametric amplifiers are connected in cascade 
through a circulator. 
cation of these circuits is not so simple as 
that of an ordinary cascade amplifier, because 
both the idler generated at the first stage 
and the output signal are fed to the second 
stage. Besides the shift of resonant frequencies 
of the two ampliflers as in the usual stagger- 
ed operation, the variation of phase difference 
between the pumps of the two amplifiers 
can alter the total frequency characteristic. 
A relatively flat characteristic has been ob- 
tained by adjusting the pump phase. Fig. 7 
shows one set of performance curves. In this 
case, the double resonance in each amplifier 
is obtained by making use of the resonance 
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Fig. 7—Staggered amplification by two amplifiers 


connected in cascade. 


24 


of diode circuit itself. The gain is 25 dB for 
a bandwidth of 20Mc over which the vari- 
ation of the gain is less than 0.5 dB. The 
total pump power is 8mW. 


519) 
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a: the case that the indication of the phase 
shifter Op is zero,  b: 0. 23Ay, c: 0. 352g, 
d: 0.42/45,  e: 0.5329, —f: (0. 67 Ag. 


Fig. 8—Various frequency characteristics when 
0, is changed as a parameter. 


Fig. 8 shows the effect of the pump phase 
on the frequency characteristic of gain. The 
pump input to each amplifier is 7mW. For 
optimum operation the gain is 29 dB and the 
bandwidth 55 Mc. 


2.2. Discussion 


In this experiment the phase relation be- 
tween the input signal, the input idler and 
the pump of the second amplifier plays a 
important part in determining the frequency 
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characteristics. Therefore, first, consideration 
must be paid to the relation of the phase 
and the amplitude of the output signal and 
the idler of the first amplifier. 

In Fig.5, provided that currents Jp, and 
Ip, which flow through g1 and g>, are the 
output currents of the signal and the idler 
respectively, and provided that the input 
idler is zero and g; is equal to gz; the re- 
lation between Jz, and I,, becomes : 


lei ; — (3) 
Ihege WC e79n 

In the following discussion symbols for the 
second amplifier are primed to distinguish 
them from symbols relating to the first 
amplifier. For example, J; respresents the 
input signal current of the first amplifier, 
while J/,,’/ represents the input signal current 
of the second amplifier. 

If the phase and amplitude relations be- 
tween the output signal and idler current of 
the first amplifier are kept through the inter- 
mediate transmission line and the circulator, 
the relation between the input currents, /,,’ 
and J,;’, of the second amplifier are also 
expressed by Equation (3) by substituting 
Is’ and Jy,’ respectively. for. J,, and Ips. 

In the second amplifier the action becomes 
somewhat complicated because of the input 
idler. The susceptance of variable capacitance 
Y’\in for signal becomes: 


. *, EE es 
—oose’* +jorcr en?’ ¥( = ) 
aaa Sen 
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(4) 


Now, if the voltage gain is defined as the 
ratio of the output voltage with pump and 
that without pump, it becomes: 


G= IriAein’ =n nH 
1— Bei¢2'-¢1') (5) 


where 
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Fig. 9—Calculated values of the 6-voltage 
gain characteristic. 


and 6,’, 05’, 1’, 2’, are respectively the 
Paasemanele i ii, I.’, Y,’, Y.’. lf-0 is de- 
fined by the equation: 0=@,’—(@;’+6.’) the 
relation between @ and the gain G is, for 
example, as shown in Fig. 9. The curves are 
calculated under the assumption that Y;,’ and 
Y.’ resonate to @, and @, respectively. The 
solid curve shows the case of |/b5’/1,s’|=1 and 
the dotted curve shows the case of /,’=0. 
The maximum difference between these two 
curves is nearly 6dB. Thus the phase re- 
lation is a very large factor in determining 
the amplification characteristics of the second 
amplifier, while the output signal and the 
idler of the first amplifier, ie., the input 
signal and idler of the second amplifier have 
the frequency characteristic of mutual relation 
as shown in Equation (3). Therefore the 
phase relation and its effect on the total 
frequency characteristic of amplification is not 
uniform over the amplification band. In the 
staggered operation, by adjusting % so that 
the optimum point of 6 may be brought to 


a proper frequency, the valley between two 
peaks of gain characteristic by the two 
amplifiers can be raised and a flat character- 
istic can be obtained. Fig. 8 illustrates this 
process. 


Conclusion 


This experiment has aimed at improving 
the bandwidth characteristics of resonant- 
circuit parametric amplifiers by staggered 
operation. It was proved that a caretully 
determined phase relation between the input 
signal, the input idler, and the pump of the 
second amplifier helps to flatten the gain- 
frequency characteristic in staggered oper- 
ation. In other words, for a given allowable 
amplitude variation of the gain-frequency 
characteristic, a wider bandwidth can be 
obtained than in the ordinary staggered 
amplifier. 

The noise figure of this staggered ampli- 
fication is considered to be a little worse 
than that of a single stage amplifier owing 
to the addition of the noise of the second 
amplifier. But this added noise is not so large, 
so long as the gain of the first amplifier is 
high. 
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Construction and Characteristics of Silver- 


Bonded Diodes 


Shoichi KIT At 


A silver-bonded diode was invented and developed for use in Paramnelr ts amplifiers. 
The diode was produced by the following process: The tip of a silver whisker containing 
a small amount of gallium was brought into contact with an n-type STO wafer, 
and electrically formed. The impedance of the diode was measured with a coaxial type 
standing wave detector at room temperature and at 100° K. The minimum barrier ca- 
pacitance was about O.1pF, the series resistance 10 ohms, and the cutoff frequency at 


breakdown voltage 200 GC. 


1. Introduction 


Several years ago the author noticed that 
negative resistance could be produced at 
microwave frequencies by applying pumping 
power, whose frequency was higher than the 
signal frequency, to a semiconductor diode. 
Using this negative resistance he succeeded 
in obtaining amplification and oscillation at 
microwave frequencies. This type of ampl'- 
fier, now known as the parametric amplifier, 
has recently attracted much attention because 
of its low noise characteristics. 

Large variation of barrier capacitance and 
high-cutoff frequency are required of paramet- 
ric amplifier diodes. The author invented a 
silver-bonded diode which is constructed by 
bringing the tip of a silver-gallium whisker 
into contact with an n-type germanium wafer, 
and then electrically forming the resulting 
junction. 


2. The Structure and the Method of 
Constructing Silver-Bonded Diodes 


* | 
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2.1. The Structure of the Silver- 
Bonded Diode 


The silver-bonded diode is constructed by 
bringing the tip of a silver whisker contain- 
ing gallium into contact with an n-type ger- 
manium wafer of about 0.02~0.2 Q-cm re- 
sistivity, and then by electrically forming the 
junction. 

The actual diode is used in a holder, as 
shown in Fig.1. Fig.1(a) shows a glass 
holder used mainly at 6 GC; Fig. 1 (b) shows 
a coaxial type holder, which because the 
length of the whisker can be made extreme- 
ly short, is suitable for frequencies higher 
than 10GC; while Fig. 1(c) shows a wave- 
guide-type holder in which the diode is mount. 
ed in a 10GC-band waveguide which has 
been cut from the center of a metal plate. 

The diode whisker is a piece of 50~ 1004 
silver wire containing 5~6 % gallium. The 
tip of the whisker is shaped electrolytically 
in silver electrolytic solution until the dia- 
meter of the point decreases to several LL. 
The germanium wafer is etched electrolycally 
in chromium sulfate solution. 

The tip of the silver whisker is brought 
into contact with the germanium wafer, and 
the junction is electrically formed by passing 
the discharge current of a capacitor through 
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The author devised an electrical forming 
process in which, instead of applying a high 
voltage in one step, the voltage is gradually 
increased from a very low value (IV) in a 
series of repeated steps. 


2.2. The Method of Constructing Silver- 
Bonded Diodes 


Owing to this electrical forming, the voltage- 
current characteristics of the diode change as 
indicated in Fig.2. The figure in the circle 
indicates the number of the repetitions, and 
the number 0 indicates an ‘unformed point 
contact. As the number of the electrical 
forming steps increases, the foreward current 
increases, but the reverse current does not 
show a large change, and the characteristics 
are improved. 


3. Characteristics of the Silver-Bonded 
Diode 


As the silver-bonded diode is mainly used 
as a component in 6GC-Band parametric 
amplifiers, its characteristics were measured 
chiefly at 6 GC. 

The impedance at 6 GC was measured with 
a coaxial-type standing-wave detector. The 
series resistance of the diode, the absolute 
value of the barrier capacitance, and the 
variation of barrier capacitance with applied 
voltage were calculated from this data. 

The value of the barrier capacitance was 
measured at both 300°K and 100°K. The 


Fig. 1—Structure of silver-bonded 
diodes. 
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Fig. 2—Change of voltage-current character- 
istics of silver-bonded diodes due to 
repeated electrical forming. 


apparatus shown in Fig. 3 was used for the 
measurement at 100°K. The coaxial type 
standing-wave detector was set up vertically, 
and the diode mount was immersed and 
cooled in the liquid nitrogen contained in the 
vessel. The measured change of the barrier 
capacitance due to the bias voltage change is 
illustrated in Fig. 4. At the lower tempera- 
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ture, the absolute value of the barrier capaci- 
tance was lower than that at room tempera- 
ture. The series resistance was also measured, 
but its value did not change from that at 
room temperature; therefore the cutoff fre- 
quency increased. 


Fig. 3—Equipment for measuring the impedance 
of diodes at low temperatures. 
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Fig. 4—Variation of barrier capacitance 
with bias voltage. 
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The silver-bonded diode developed for para- 
metric amplifier use has a low foreward re- 
sistance and barrier capacitance lower than 
0.3 PF. Therefore it is also considered to 
be suitable for use in computer circuits. 
When the diode is actually used in computer 
circuits, special attention should be paid to 
the transient characteristics which appear 
under pulse-voltage conditions. Fig. 5 shows 
the result of the measurement of the decay 
time with pulse-voltage applied to the silver- 
bonded diode, and to commercial SD 13, SD 
16, SD 17 (a gold-bonded diode), and MA 301 
(a silicon variable capacitance diode for 
TVAFC). The silver-bonded diode showed 
the shortest decay time, less than 10 mys. 
No effects of hole storage were observed in 


the silver-bonded diode. 


esi) 
Silver -bonded ee 6 
diode Le 
0.01 28/ cm 
10V, 5002 
79) 13 
S017 
Z 7 MA3 
Silver- bonde yy ge e: 
diode = oe 
0.2us/cm 


Fig. 5—Transient characteristics of diodes. 


The diode was tested for resistance to 
mechanical shock by dropping it from a 
height of 1 meter on to a concrete floor, but 
no significant change in characteristics was 
observed. Also the effects of temperature 
and humidity were investigated by measuring 
the voltage-current characteristics both before 
and after immersion of the diode in boiling 
water, but again no significant changes were 
noted, and the high stability of the charac- 
teristics of the silver-bonded diode was con- 


firmed. 


the barrier capacitance at the breakdown 
voltage, and f, the cutoff frequency. 

The table shows that there is no big di- 
fference in the values of Cy and Cnin be- 
tween different point contact diodes, (ie. all 
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Table 1 
CONSTANTS OF DIODES 
Rs (Q) Crim CoP) Cov (pF) CmintRs (pF-Q) Se (Ge) 
- : cy Bey = es Reais 
: : 
Silver-bonded* diode 5~10 0.1~0. 2 OS 0. 7-~1. 2 130-~230 
1N23B* 36 0. 25 0. 35 | 9 18 
IN23C 30 O; 15 O58 4.5 36 
Gold-bonded* diope 12 Om O25 i, 4 112 
| 
Ge-Pt point-contact* diode 19 0.11 0225 Del 79 
Gold-bonded** diode 5 | 0.6 2.0 oa) 53 
Si-diffused** diode 4 0.6 1.6 2.4 66 
a I | ; s 
* Measured at 6 Gc. 
** Parametric diode made in USA and measured at 900 Mc. 
4. Comparison of the Characteristics 
of the Silver-Bonded Diode with i ae 
Those of Other Diodes. ae i39 
= 1104 
The characteristics of silver-bonded diodes, | aoe 
gold-bonded diodes, platinum and _ tungsten | ioe ee 
point contact germanium diodes, commercial aes ee Ae 
IPN 23 B’s and- 1 N23C’s, and American mal eas 
5 5 ate | | | | 4 ut 
parametric-amplifier diodes were compared. ea ey 
Fig. 6 illustrates the voltage-current charac- aces 
teristics of these diode. The silver-bonded Stel al ( Pz point 
; : | L: 30 | | contact ) 
diodes have a larger foreward current than : 
any other point contact diode and extremely | ae (W point 
. on 
small reverse current, proving the excellence ; ; , . 2 gee: 
: — 95 soni 
of its characteristics. sr |_| ze Fo ie 0:4 0, 
In Table 1 the constants of the above diodes rebate ae al Ae 
measured at 6GC are tabulated; except that le x ne rel =6a iS 
the American diodes were measured at 900 Te a : iN 
: : : - 0 
MC. In the table, R; is the series resistance, / j ie 
Cw is the barrier capacitance at 0 bias, Cin Las | pas 


Fig. 6—Voltage-current characteristics various 


of diodes. 
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values are in the range between 0.1~0.3 pF.) 
The R, of the silver-bonded diode is 5~10Q, 
whereas those of the other point contact 
diodes are as high as 10~40Q. Therefore 
the values of the cutoff frequency of these 
diodes, excepting the gold-bonded diode, are 
from one-third to one-tenth those of the 
silver-bonded diode. For the American diodes, 
the values of R; of both the bonded type 
and the diffused type diodes are smaller than 
5Q, but the values of Cyy and Cnn are 
0.6~2 pF, which are about ten times those 
of the silver-bonded diode. Therefore the 
value of the cutoff frequency of the American 
diodes is 50~60 GC, which is about one-half 
to one-third that of the silver-bonded diode. 

The reason for the extremely high cutoff 
frequency of the silver-bonded diode is con- 
sidered to be as follows: The smaller the 
contact area of the diode becomes, the higher 
the. cutoff frequency. Yet in the diffused type, 
the contact area cannot be made very small, 
whereas in the point-contact type, the effect 
of the stray capacitance prevents the cutoff 
frequency from becoming very high if the 
contact area becomes too small. The result 
is that there is an appropriate contact area 
to obtain the maximum cutoff frequency in 
point-contact diode. In the © silver-bonded 
diode, thanks to the repeated forming process, 
it is possible to control the contact area at 
will. Therefore by obtaining an appropriate 
contact area, the silver-bonded diode can 
obtain the highest cutoff frequency. 


5. Conclusion 


The method of constructing the silver- 
bonded diode invented by the author has 
been carefully examined so as to be able to 
produce diodes with the best possible charac- 
teristics for parametric amplifier use. 
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The diode series resistance is less than 10 
Q, barrier capacitance is less than 0.3 pF, 
and cutoff frequency is more than 200 GC. 
Its characteristics do not deteriorate at temper- 
atures as low as 100°K.- This fact proves 
that the diode is suitable for a parametric 
amplifier which should be cooled to the 
temperature of liquid nitrogen in order to 
obtain a low noise figure. 

Using this diode, 4GC, 6GC and 11 GC 
band parametric amplifiers were experiment- 
ally constructed. The minimum noise figure 
for single sideband reception was about 5 dB 
in 4GC“? and 6GC bands, and about 6.5 
dB in the 11 GC band.“ When used as a 
transmitting frequency converter‘ and as 
a hamonic generator, they proved to be more 
than several dB more efficient than other 
diodes. 

Silver-bonded diodes are still being studied. 
It is expected that a higher frequency usage 
than that described above will be attained. 
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Determination of Molecular Distribution 
of High Polymers by Fractionation’ 


Hiroshi OKAMOTOt 


Several questionable assumptions are unavoidable in the determination of molecular 
weight distribution of high polymers by fractionation, and the reliability of the mea- 


sured distribution is problematical. 


_The author considers the theoretical bases of two fractionation methods, i.e., Spencer’s 
method and the successive precipitation method (SPM). Solving a set of simultaneous inte- 
gral equations derived from Flory’s theory, the author proposes a modification of Spencer's 
method. This result is found to be in accord with the numerical calculations. A criterion 
which assures us of the correctness of the distribution measured by SPM is also given in 


this paper. (Section 2). 


Introduction 


Molecular weights of high polymers may be 
established by appropriate physical measure- 
ments on dilute solutions, such as light scatter- 
ing or the osmotic method. These methods 
are all absolute, because, if the experiments 
are carried out under ideal conditions, no 
error is introduced into the results. 

In the case of determination of molecular 
weight distribution of high polymers by trac- 
tionation, however, such a situation does not 
hold. Because the procedures of fractionation 
are based on many questionable assumptions, 
there must be unavoidable errors in the re- 
sultant distribution curves. 

Billmeyer and Stockmeyer,‘ who had 
studied Spencer’s fractionation method,‘ came 
to a rather negative conclusion about this 
method from many experimental results. 
Other studies®“?“?‘® of the above mention- 
ed problem have been made only through 
numerical calculations, but it seems difficult 


* MS in English received by the Electrical Communi- 
cation Laboratory on 15 September, 1960. Originally 
published in Journ. of the Phys. Soc. of Japan, Vol. 
14, No. 10, Oct., pp. 1388-1396, 1960. 

High-Polymers Research Section. 
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to obtain any general conclusions from them. 

Because of these circumstances, the theo- 
retical bases of the two fractionation methods, 
Soencer’s method and successive fractionation 
method are reconsidered. A modification of 
Spencer’s method and fractionation conditions 
which minimize errors are presented. 


1. Spencer’s Method 
1.1. General Considerations 


The procedure of Spencer’s method is as 
follows: A series of polymer solutions is 
prepared. Each solution is separated into 
two phases by successive variation of the 
nonsulvent content or of the temperature of 
the solution. The quantities actually measur- 
ed are the weight fraction of the precipitated 
polymer W(s) and its weight-averdge mo- 
lecular weight (s). To simplify the problem, 
Spencer proposed the artificial assumption 
that all the polymer above a certain molecu- 
lar weight x(s) is in the precipitate and that 
all below x(s) is in the solution phase. Here, 
“°°? ig a parameter which represents the 
solvent power of the solution. It has one to 
one correspondence to the non-solvent content 
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or to the temperature of the solution. 
According to the above assumption, eae) 

is the distribution function of the molecular 

weight, 

Gl, Is ey 


WAS) = \" f(x) dx 


@CS) 
M(s), the product of m(s) and W(s), may be 


written as 


My =miy Ws) =|" axfiodx (1.1.2) 


2S) 


From Egg. (1.1.1) and (1.1.2), the following 
equation is obtained, 


af (19) 
In the next stage of the procedure, m(s) 
<x W(s) versus W(s) is plotted, and a smooth 
curve is drawn through the points. The curve 
is differentiated to give the corresponding 
values of z(s) and W(s). A plot of W(s)—1 
versus x(s) is the integral distribution curve. 
It is an obvious fact, however, that neither 
Eq. (1.1.1) nor (1.1.2) is exact. There must 
be a continuous function K(s,x) which deter- 
mines the phase separation of the solution. 
The product K(s,x) f(x) is proportional to 
the distribution function of the precipitated 


polymer. W/(s) and M(s) are given by 
W(s)= Ve K(s, x) f(x) dx Ces) 
0 
M(s) =|" K(s, x)x f(x) dx Gees 
0 


For a single solvent solution, the theory 
of Flory“? or Scott’? shows that K(s,x) is 
given by 


it 


ree ea 


where R(s) is the ratio of the volume of the 
solution phase to that of the precipitated 
phase, and o(s) is a function of the inter- 
action parameter and the composition of the 
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solution. ; 
For a single solvent solution, Flory’s theory 


gives a(s) as 


rato p 
Tn Tn 


y{A—v)?—-(—2")?}. Gir 

In this equation, v and v’ are the volume 
concentration of the polymer in the solution 
and the precipitated phase respectively; 7 
and r,’ are the number-average molecular 
weights of the polymer in respective phases; 
and ~ is the interaction parameter between the 
solvent molecule and the polymer segment. 

Even for a mixed-solvent solution (good 
solvent and nonsolvent), as long as the same 
order of approximation as Flory’s is used, an 
equation identical with Eq. (1.1.6) can be de- 
rived. In this case, the expression for a(s) 
is more complicated than Eq. (1.1.7). 

But it is needless in the author’s case to 
know the detailed form of o(s) such as given 
by Eq. (1.1.7). Because the quantities obtain- 
able directly from the experiments are W(s) 
and M(s), it is proposed that Eqs. (1.1.4) and 
(1.1.5) be regarded as a set of simultaneous 
integral equations with respect to two un- 
known functions o(s) and f(x). W(s), M(s) 
and R(s) are regarded as three known func- 
tions the variable of which is “‘s”. This 
proposal requires the measurement of R(s), 
which is trouble-ssome but unavoidable. 

The approximate solution of this integral 
equation will be described in the next para- 
graph. 


1.2. Solusion of the Proposed Simul- 
taneous Integral Equations 


We write down again the fundamental 
equations as 


W(s) =|" : F(x)dx 


0 ites R(s)exp[ —o(s)x) 
(GF 1s) 
M=m(s) W(s) 
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a 1 ; 
ah 1+ R(s) exp (—o(s)x] MF YAK. 


e2. 2) 


When a=1, the last equation is identical 
with Eq. (1.1.5), and m(s) is the weight- 
average molecular weight. If the distribution 
curve is plotted against intrinsic viscosity, a 
is identical with that encountered in the 
intrinsic viscosity-molecular weight relation- 
ship, 


(ml =kxe. Ge 3)) 
In this case, m/(s) is given by 
il 
m(S) = eel Gly By aby) 


the M.W. distribution of the original poly- 
mer. 
---the M.W. distribution of the precipitated 


polymer. The area below the dotted line 
is equal to the shaded area. 


Fig. 1—Schematic illustration of the phase 
separation. 


There must be a value 2x(s), and the inte- 
gral of f(x) from x(s) to o° is equal to W(s). 


co 


ji yoke lR25)) 
(s) 


wo) =| 
x 

The x(s) in this paragraph must not be 
confused with the one which appears in 
Spencer’s approximation, Eq. (1.1.1). The x(s) 
in this paragraph has only a mathematical 


significance, and never has a physical mean- 
ing as the one in Eq. (1.1.1). This is illus- 
trated in Fig.1, where the area below the 
dotted line is equal to the shaded area. A(s) 
is defined as 


A(s)=M(s)— i ef) dx. (1. 2. 6) 


Then we can find that dM/dW is given by 


dM(s) 


dW(s) 


1 : (aX(s) 
Fixes) a(S) 


= x(s)* Cero) 


The second term of the right-hand side of 
the above equation gives the error of the 
unmodified Spencer’s method. 

K(s, x) has an inflection point at x=~y/(s), 
where 


log R(s) 


© e273) 


y= 


The value of K(s,x) at the inflection point 
is 1/2, and the following relation is always 
satisfied. 


x(s) ys) 
\ fea)as+| K(s, Of(x) dx 
y(s) 0 


=|. U-KG, Of @dr=0. 1.2.9) 
ys 


The functions K(s, x) and f(x)are expand- 
ed as 


K,0= Bag } explo+bo@a) 
(s, Ly R(s) f exp [@ 0 
LOL GS ViGS)) (UZ MOY 


1 KG) eh ee ([-@+4+De(s)x) 


for x>y(s) GE, Mal) 
ee ee i 
fan) = x Oe ) tx y(s)} ez, 12) 


where (d*f/dx"); is the value of d*f/dx" at 
x=~y(s). Introducing these equations into Eq, 
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(1.2.9) and using term-by-term integration we 
arrive at 


GPF 
{x(3)—y(S) FE.) —2 Comal Sear), 


logR (s) n>0 dx Js 
Gl FZ sey) 
where, 
e (—)” _ 
Cu= BO ED®” 
" (Sex Ci ie 
Seay, do" | a 


ee mat | 
ES exp (- + D293} 


Wie dn= {x9 —OVKED) 
y(s 


y(s) 2s 2x(S). 


By differentiating Eq. (1.2.13) with respect 
to 2(s), the following equation is obtained: 


' f et2 Eas 
[foo +29 Corse l y(s) det! 


Car) oer} ) 


dy(s) _ : [ av 2 aes 
ne F{x(s)} +2 a eras Connal ae 


y(s) hae d log R(s) 


llog R(s) | dx(s) 
ac a afr) 
He nee 
Gl, 7 15) 


From Eq. (1.2.6) and a procedure similar 


to that of deriving Eq. (1.2.13), the following 
equations are obtained: 


x(s) 2u+1ly 
4 =| of OU -2E Coral 9 ) 
MS. 


Ax2rth ; 
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y(s) ie 


( deg 
log R(s) ~ (= Drsinl dxe ih 


v20 


. 
2.15) 
g(x) = {xr —y*(S)} fF. 


To derive the second term of the right- 
hand side of Eq. (1.2.7), we must differenti- 
ate Eq. (1.2.15) with respect to x(s). 


a = {xe(s) "(Sf x(S)} 
(2v+2 aL ay 
AE RS ( ae 


pea: GEE) ) y(S) hi dy(s) 
at dx»t! }.) | log RG) dx(s) 


q2t1 
+2 » ee 2 ) 


dxeett 


| ys) = d log R(s) 


log R(s) dx(s) 
weds? hae dg 
7 dx(s) ex ) Deen axt# \} 
Ge 2:16) 


Now, we must consider the convergence 
of the various series shown above. 
If there exists a valve @, which satisfies 


the relations below for any x in some range 
Zi 


af | 
i dx” | <@ 
—— SD) ik. 
fw) Se 
xeA 
and if log R satisfies the relation 
an 
0 “< log R, Chal) 


then the higher terms of the series expansions 

Eqs. (1.2.13) and (1.2.15) may be neglected. 
By eliminating dy(s)/dzx(s) from Eqn (i2a6) 

by the use of Eq. (1.2.14), the following 
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equation is obtained from Eqs. (1.2.7) and 
(1.2.16): 


aM = X*(S) +2C,ax*-!(s) ({ 1 


dw F(x(s)) 
ie tee Nhe: 


a+l ieee Y 


ys) ) log R(s) 


eet JS) (aes) )* 
gays*(S) f(x(s)) | log R(s) 
dlog Rs) 
ee Gea) 


It can also be found from Eq. (1.2.13) that 
the ditference between x(s) and y(s) or 2(s) 
and €, may be placed outside of our con- 
sideration as far as we content ourselves 
with an approximation of the same order as 
Eq,-G@.2.17). 7 hus Eq. (1.2.17) can be simpli- 
fied further as 


dM pec 1 c,f 28@tD 
ea Of | CH cog R(s))? 
oe _dlog R(s) ) 
(log R(s))? dlog x(s) iD: 


(12318) 


It is important that the unknown function 
f(x) does not appear in Eq. (1.2.18). As the 
value of log R becomes larger, the terms 
higher than the second become negligible. 
Finally, we arrive at 


Gia) 
That is, the zeroth order approximation 
of our treatment is in accord with the un- 
modified Spencer’s method. In Eq. (1.2.18) 
the unknown differential dlog x(s) is in the 
right-hand side, so Eq. (1.2.18) is a differential 
equation for x(s). The approximate solution 
of this equation is obtained by replacing x(s) 


with {dlog dM/dW}/a. That is, 
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x) e— 
Sep OL ener 
af Zhe ae dlog R(s) ] 
“(dog R(s))? dog R(s))? dlog(dM/dW) 
GLAZz) 


From Eq, (1.2.20), x(s) can be determined 
in terms of the observable quantities R and 
aM/dW. Cy, is easily found to be 2z?/12. 
The first order approximation of the integral 
distribution I(x) is finally obtained by the 
help of Eg. (1.2.5) 


T{x(s)} =1— Ws). 
1.3. Discussion 


Now a brief description of Matumoto’s 
numerical calculations®® will be made. First, 
he assumed f(x) to be several kinds of 
known functional forms such as Schulz’s dis- 
tribution function. The values of o(s)s were 
assumed to be a series of properly deter- 
mined numerical values. The values of R(s)s 
were assumed to be constant throughout. 
The series of values of W(s) and M(s) were 
numerically calculated by the use of Eqs. (1. 
2,1) and (1.2.2). Then, making use of these 
values of W(s) and M(s), he calculated the 
integral distribution following Spencer’s 
method. Some of his calculations are shown 
in Tablel and Fig. 2. It is shown in Fig. 2 
that the integral distribution curves obtained 
by usual Spencer’s method shift to the right 
side of the true one. Our solution Eq. (1.2.18) 
or Eq. (1.2.20) can explaine this aspect. In 
Matumoto’s calculations, the R(s)s were as- 
sumed to be constant throughout, so the 
second term in the square blackets is consider- 
ed to be zero. Thus we can verify that 


(dM)/(dW)><z. 


This is a theoretical proof of the feature 
of the distribution curves shown in Fig. 2. 

Matumoto also obtained the curves for 
the box type and the doubled-peak iype dis- 
tributions. For the box type distribution, his 
calculated curve seems to lie to the right of 
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Table 1 
DATA OF THE NUMERICAL CALCULATIONS MADE BY MATUMOTO 
o x 108 D 3 5 10 20 
Ws) 0. 786 0. 654 0. 411 OF tbs 0. 268 
pee Ms) 520 388 190 48.9 5. 88 
adM/dw 1050 842 580. 335 175 
o X10? 5 Ff 10 15 20 
Ws) 0. 870 0. 720 0.513 0. 284 0.171 
a Peek M(s) 566 403 232 94.7 45.0 
dM /dW 1270 930 685 460 355 
Table 2 
CONDITIONS OF THE NUMERICAL CALCULATIONS : BOX TYPE DISTRIBUTION 
R 1000 800 640 512 410 328 262 210 168 134 
oX 108 | 3, 498 3. 960 4, 478 5. 059 5. 704 6. 423 7, 228 8.115 9.101 10.18 
—_ the integral distribution -of the original polymer. 
his 
-—— the calculated curve when A=1000. 


0.6 


0.4 


0.2 


the true curves. We tried similar and more 
detailed numerical calculations for the box 
type distribution and found that the calculat- 
ed curve increases rapidly and moves from 


the calculated curve when #=20. (See Table 1) 


-——— f#=1000 


Fig. 2—Some of the results of Matumoto’s 


—3-— fF =20 
500 7000 500 7000 7500 
—— _° the true integral distribution. curve, 
4 6 8 10 72 4 — the calculated curve following Spencers method, 


“x X10? 


‘ t Fig. 3—Numerical calculation for box type 
numerical calculations. distribution. (See Table 2.) 


the right side to the left side of the true 
curve near the end of the distribution on the 
higher molecular weight side (Table2 and 
Fig.3 R was not assumed to be constant). 
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It can be explained at least partly, why such 
an irregularity arises. We have found in 
Section 1.2 that conditions (1.1) and (1.11) 
must be satisfied to make Eq. (1.2.18) correct. 
The box type distribution function f(x) does 
not satisfy condition (1.1), because it has 
two points of discontinuity at both ends of 
the distribution. 

Though it may be too bold, the following 
remarks will also be added: 

From the statistical analysis of their ex- 
periments, Billmeyer and Stockmeyer‘ con- 
cluded that Spencer’s method cannot yield a 
very detailed description of the molecular 
weight distribution. They considered three 
types of distribution curves, a rectangular box, 
a triangle, and a parabola. According to our 
consideration, none of these distribution 
curves satisfy conditions (1.I) and (1.I[), 
because they have two or three points of 
discontinuity. The application of Spencer’s 
method is questionable in these cases, and 
this may be one of the important reasons for 
the failure of Spencer’s method. 

Here arises an important question, i.e., how 
to know whether or not f(x) satisfies con- 
ditions (1.1) and (1.11). At the beginning 
of the experiment, nothing is known about 
f(x), and R can not be determined properly 
to satisfy condition (1.]]). One of the possi- 
ble methods of answering this question is to 
check whether the zeroth or the first order 
approximations is satisfied by conditions (1. [ ) 
and (1.[[). If they are satisfied, we can al- 
most safely conclude (not always strictly) 
that the true distribution curve also satisfies 
the two conditions. If the approximated 
function does not satisfy the two conditions, 
it can strictly be said that the obtained dis- 
tribution function never represents the true 
function, and we are obliged to recommence 
the fractionation with larger R. 

A short remark must be added for the 
measurement of the average molecular weight. 
The use of Z or higher order average mo- 
lecular weight must be avoided. Because for 
these averages the theory developed in Section 
1.2 does not hold and the final result, Eq. 
(1.2.20), cannot be used. 


2. Successive Fractionation 


2.1. General Consideration 


In the preceding section, the theoretical 
basis of Spencer’s method has been consider- 
ed and a more reliable method has been pro- 
posed. However, the method which is thought 
to be most widely employed now is the suc- 
cessive fractionation method, especially the 
successive precipitation method (S.P.M.). 
There are several questionable assumptions 
in the usual procedure of S.P.M. They are: 

The polymer sample whose molecular 
weight distribution is to be determined is 
dissolved in an appropriate solvent or solvent 
mixture. By means of lowering the temper- 
ature or adding a precipitant, its solvent 
power is lowered slowly until two-phase 
separation occurs. Then the precipitated phase 
is taken out of the apparatus. The ratio of 
the weight of the precipitated polymer to 
that of the whole polymer W, and_ the 
average molecular weight of the precipitated 
polymer m, are measured, and similar pro- 
cedures are repeated n-1 times. Finally W, 
and m, of the remaining solution are measur- 
ed. Usually the integral molecular weight 
distribution curve is assumed to be 


R= — eel 
Iom)= Wart Wee 21.1 


As already pointed out by Schulz,‘® the 
actual molecular weight distribution of each 
fraction overlaps each other considerably. 
Because this overlapping is apparently neg- 
lected in Eg. (2.1.1), the reliability of the ob- 
tained distribution is very doubtful. The 
influence of this neglect upon the results has 
been numerically calculated by G. V. Schulz 
©) and Matumoto and Oyanagi,’” but no 
general conclusions can be drawn from these 
numerical calculations. 

The questions, i.e., how this negligence 
affects the result and how the experiments 
should be performed to minimize the errors, 
have not yet been solved. 

Such questions will be answered in the 
following by similar treatments as was des- 
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cribed in Section [ . 


2.2. A Criterion for Fractionation 


In Fig. 4, a graphical scheme of a success- 
ive fractionation is shown. 


x, x, 


Fig. 4—Schematic representation of successive 
precipitation method. /f: the distri- 
bution of the original polymer. fi, f2 
teres fr: the distribution of the fraction- 
ated polymer. The area below the 
curve f between x; and %;_-1 is equal 

to the area below the curve fi. 


The original polymer whose distribution 
f(a) is to be determined is fractionated into 
the fractions (1), (2),----(n). The distributions 
of (1), (2),--+-(m) are shown by figures fi, fi, 

--f,. The function f; is integrated as 


\i@as= Wi. (2.1.2) 
0 


“x;-1” 1s the lower limit of the integral of 


f(z). The value of this integral is given by 
a a pe Wa. (2.1.3) 
Consequently, we have 
\Fodr= Wi. (See Fig.4.) (2.1.4) 


M, is defined as 
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M,=m.iW: C2: ile Bi) 
= | (x)dx (2. 1.6) 
0 
A, is defined as the difference 
a = ie x)dx. (2.1.7) 
If «| xfcnde (2. 1) 


then m; is in the range 
Xi Mi <Ki-1- 


The integration range (4%, x:-1) will be call- 
ed d; hereafter. It is important for us to 
notice in this stage the following consider- 
ation: 

If d; is so small that f(z) can be seen 
constant in this range, then 


mia Ce +Xi) 


oo dil 1 
| Fadx= » Wits W:. 
my. 2=1 


The usual procedure of Eq. (2.1.1) is found 
to be adequate in this case. Therefore there 
are two important factors in the fractionation, 
one being to make d; as small as_ possible 
and the other being to make A, satisfy con- 
dition (2. ). 

Generally speaking, the former condition 
requires us to make the amount of each frac- 
tion as small as possible or to make the 
number of fractions as large as possible. But 
the latter condition is not so obvious. In the 
following paragraph, it will be clarified. 


2.3. Calculation of the Fractionation 
Condition 


There are -1 separation functions, which 
are similar to those used in the preceding 
section, for »—1 fractionation step. 
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Keay= 1 


1+Riexp (—oix)" G31) 


The distribution function of the ith frac- 
tion is proportional to 


t—1 
K; a (Te hayo: 
W; is written as 
co i=1 
Wi=|Kia) ae eS io@ feds... (2:3. 2) 


Considering that distribution is often plotted 
against intrinsic viscosity, 


M,= \k (4) 1 1K eFax, (2.3.4) 


Subsequently, the following relations can 
also be found: 


Sass w.=|" HM (1-2 yfoodx (2.3.5) 


a=1 0 a=l1 
M,—- x M,=\" Ul {1—K,(x) }x« f(x) dx 
7=1 OF Q=1 


(2. 3.6) 


where Mo= a Sar. 


We define x; as the upper limit of an 
integral of f(x) whose value is given by the 
following equation: 


ie ax=\" i ie hace) pads. (2.3-7) 
0 0 37=1 


The following relations follow from the 
above equation: 


ety (7) dx (2. 3.8) 
a=l1 0 
y= Mic dit. (2.3.9) 
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The following equation stands for any yi, 
but it is considered to be the inflection point 
of K;. 


vi ¥% jal } Vie tele 
feayae=| 1—-llda—-k,) fac+| IGA Gi 
x; 0 ail j 0 4 4=1 

co) al 
— Ky fax—| d—K;) Il A—K),) fax. 
Yi a=1 
C8 WMO 
The following relations can be proved by 


procedures analgous to those which were 
used to derive Eqs. (1.2.9) ~ (1.2.13). 


('{1.-a- Ki) fa =|" fat 
0 a=1 @ 


= s df EA 
= EC) Enenl ee log Ria J 


where 


ae SUG sae Ga 


x exp (+1) ai-1 yi), 


_ log Ri 
Jo - 


e. t= oo baal 
\« 1a-K) far Glee) HG yee 
0 2=1 y = 


z 
2 


q2t1 
a —2 Xu Car42 ees 


a ~ | s vi 2v+2 
ax | wee Katy le 7) 


By using these relations, Eq. (2.3.10) can be 
reduced to 


Vi me : “View x ea _K 
[fae] Esa( a St) 20,7 KE 
x( ue) [ra +| — Bs (2g) -2¢: 

log R: ‘ “\log Ri-1 : 


tail Yi 2 a a 
— | Wo ge Som) Satecee sy dal 
ORE: Kg 2 |( dx }; ( ) 
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The restrictions for f(x), such as (1.1) 
and (1.JI) in Section 1, should be also satis- 
fied by the above equations. 

As x; is defined for f(x), so %i’ 
for x*f(x). 


is defined 


| sfaydr= i: Tl (1—Ky(n) arf) dx, (2. 3. 12) 
0 Oh ae il 
| xyfinde=M, (2. 3.13) 


vi Ji- ed 
| efader=(Bis( ee Ri, )-20; sp: 


= Ny 
x ia- COG Geer e —) sfc 


+ 


log R; 


eae Sea Ne ye (2.3.14) 


The right-hand side of this equation is re- 
duced to 


( Yer ior 
(- Bx (- & i =2¢,11 a ) 
‘f 
os 


ae PEs | Paar 


dx” log Ri-; 
i ener 
—2>,Cx, aaa aR vie 9 afr lee i Daf } 


ism 2v+2 s = 
log R; me £0) Burqgs log R. : 


2G Falla rca) 


df : a= y 
a Ce , e Bays log R:- 


SOG kh ( diese \ 
om Ta FLA )i log R; ) 


\2 
a-lff ay. = / Bi. 5 = 
tay, ren Ds laa 


=20, Tl a- KG ae y+ 9 . 


C2315) 
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: Do : 
= \efodr—ayi-s ‘ae ex jog Ria ) 


it K = ue) +t sett 
aye AL Gea « 


Zoo le) 


Thus, from Eq. (2.1.7), 4; is approximately 
equal to 


Vi-2 : 
sxaye¥or)( Bute oop ) 


freee Mint 2 
1 2G es log jen ; y) 


9 


— ay; se Vi) (Bad a2 log et 


. i< 
90 T d= Kos oo Be: )}. (2.3.17) 


R=! 


The mean value theorem of the integral 
gives 


nef dbe= (smb ED. 


J) Xt 


(2.318) 


In a rough approximation, condition (2. J ) 
may be replaced by the following inequality 
(2.1L) by the use of Eqs. (2.3.17) and (2.3.18). 
The only one squarely bracketed term in the 
right side of Eq. (2.3.17) was used in its 
derivation. 


E,i- +2C; 1— Ky_» Vee M1 Xi 
{ 1 « lance ~< eS 


R: smallest R among Ri, Ri-; and R;-». 


The above derivation is not mathematically 
strict, but as it seems nearly hopeless to 
expect a more rigorous solution; we must 
content ourselvelves with the use of (2. II). 
It seems, however, that there are no appre- 
ciable errors in this approximation. This 
point will be discussed again in the next 
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paragraph. The magnitude of Fo,_,+2C.(1— 
Ki-2)i-1 never exceeds log 2+7?/6. 
The final result is 


2 
ie 27) ya 
( Sec dceR. 


(2. I) 

Here, we are again confronted with a dif- 
ficult question, i.e. how to estimate x, We 
are obliged to content ourselves with a some- 
what non-rigorous estimate as follows: 


= Wisimi!* sr Wim 


Xi 
Wisi ar W; 


(2.35 19) 


2.4. Discussion 


From the above discussions, it is concluded 
that there are two important factors in frac- 
tionation, one being to make the amount of 
the fractionated polymer as small as possible 
and the other being to satisfy condition (2. III) 
in each fractionation step. 

In deriving (2.11) from Eq. (2.3.18), it is 
assumed implicitly that the differences be- 
tween fCy;_:) and f(y) or among ¥y;-2, ¥%:-1, 
and y; are not very large. These undesirable 
assumptions, however, are not very important, 
because we use only one of the two squarely 
bracketed terms in Eq. (2.3.17). 

Perhaps the most problematical point in 
our treatment is the replacement of x, by 
Ban@.3.19). 


Conclusion 


By the use of Flory’s theory, in Section 
1, equations concerning Spencer’s method 
were formulated to obtain the molecular 
weight distribution of high polymers. The 
author proposed to regard these equations as 
a set of simultaneous integral equations with 
respect to the distribution f(z) and a function 
of solution composition o(s). Although these 
equations required knowledge of the ratio of 
the volume of the supernatant phase to that 
of the precipitated phase, an approximate 
solution was presented in this paper. This 
method may be considered to be a modifi- 
cation of Spencer’s method which is more 
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reliable than the original. The author’s theory 
is confirmed by numerical calculations made 
by himself and by other investigator.“ 

In Section 2, the author discussed the re- 
liability of the distribution obtained by the 
successive precipitation method (SPM). Con- 
sidering the effects of the overlap of distri- 
bution of each fraction, the author proposed 
a criterion for the correctness of the distri- 
butlon obtained by SPM. By the use of 
Flory’s theory, the proposed criterion was 
written down in a closed mathematica! from 
as Eq. (2.]II). In the derivation of this relation, 
we were obliged to use a somewhat ambigu- 
ous approximation which is not mathemati- 
cally strict but seems not to be so erroneous 
as to mislead. 


Appendix 
Proof of the inequality. 
Foy-1 +2Co1 — Ki-2)i-1<1+72/6. 


Proof: 


1 1 vti 
Ex XC) (»+1)2 He) exp C@ 


il 
Sea Ce 
v>0 


Ree (A.1) 


where 
= i PI 


The last series converges uniformly for 
O0<a<1. The series obtained by term-by- 
term differentiation also converges uniformly 
for 0<a<1. Therefore the following differ- 
ential equation holds. 


ana 
=— log d+a), GaN 2) 
a 1 ; ; 
Bs1=| ‘3 log (1+a)da. CARS) 
0 
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Eq. (A.3) cannot be integrated in a compact 
form but Eq. (A.2) tells us that £,;-; is in- 
creases monotonically for 0<a<l. 


Fo -1 @) < Eey-1). 


A theorem about alternative series tells us 
that 


ide C= {+444 


se 
aa <a 
and the following relation is almost evident. 
2C,01 —Ki-2)i-1<2C,=27/6 
Finally, 
Fy4-1 +2C,(1— Ke_2)s-1 < 1+27/6. 
References 


(1) F. W. Billmeyer & W. H. Stockmayer; 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 
(8) 


ELECTRICAL COMMUNICATION LABORATORY 


“Method of Measuring Molecular Weight 
Distribution,” J. Polymer Sci., 5, p.121 (1950). 
R. S. Spencer; “Determination of Molecular 


Weight Distributions,’ J. Polymer Sci., 3, 
p. 606 (1948). 
G. V. Schulz; “Die Verteilungsfunktionen 


Polymolekularer Stoffe und Ihre Ermittelung 
durch Zerlegung in Fraktionen,” Zezt. Phys. 
Chem., B, 47, p. 155 (1940). 

E. V. Syre; “The Distribution of Polymer 
Fractions,” J. Polymer Sci., 10, p,175 (1953). 
M. Katumoto & Y. Oyanagi; “A Note of the 
Successive Fractionation Method,” Chemistry 
of High Polymers, 11, p.7 (1954). 

M. Matumoto; “Theoretical Considerations on 
the Spencer’s Fractionation Method,” Chemis- 
try of High Polymers, 11, p. 182 (1954). 

P. J. Flory; “Principles of Polymer Chemistry.” 
p. 559, 1953, Cornell Univ. Press. 

R. S. Scott; “Thermodynamic of High Poly- 
mer Solutions: IJ The Solubility and Frac- 
tionation of a Polymer of Heterogeneous 
Distributions,” J. Chem. Phys., 13, p.178 
(1945). 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 43 
VOLUME 9, NUMBERS 1-2, JANUARY-FEBRUARY, 1961 


WED GC. 621. S7As62esion3 


Core Matrix Driver Employing Magnetic 


Amplifiers’ 


Junji YAMATO and Yasunobu SUZUKI 


A high frequency magnetic amplifier with high efficiency, high S/N, and high output 
power has been developed to drive large scale core memory matrixes in parametron devices. 


Introduction 


In many electronic digital computers and 
electronic switching systems employing para- 
metron logical devices, memory core matrixes 
are provided for storing digital information. 
In such cases, the so-called two frequency 
alternating current writing method is widely 
used, in which a sinusoidal current of f/2 is 
superposed on a sinusoidal current of frequen- 
cy f to form a dissymmetrical current, which 
is used for writing on cores. 

In a large scale electronic digital computer 
or switching system, a large memory capacity 
is required, thus necessitating a large scale 
memory core matrix and, as a result, large 
power output and a high S/N are required 
of the power source which drives the memory 
core matrix. 

Where, for instance, a memory matrix of 
10* bits (10? columns X 10° rows) is to be 
driven, a peak power output of 10 Watts is 
required. It is, however, apparent that the 
use of 200 power amplifiers is not desirable 
from the view-points of power loss and 
economy. On the contrary, another method 
may be feasible, whereby power is supplied 
from a common source to the terminal selected 
from among the many input terminals by 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory, Aug. 25, 1960. Originally published 
in the Kenkyi Zituydka Hokoku (Electrical Com- 
munication Laboratory Technical Journal), N.T.T., 
Vol. 9, No.5, May, pp. 537-563, 1960. 

+ Switching Research Section. 


means of an electronic switch, enabiling 
more economical operation. Needless to say, 
the electronic switch used for this purpose 
must have long life, low cost, high efficiency, 
high reliability, no deterioration, small size, 
and high switching ratio. 

From these points of view, the writers 
concentrated on a high frequency magnetic 
amplifier and developed a magnetic core driver 
whose S/N ratio may be raised through the 
application of balanced bridge iheory and 
from which an output of about 10 Watts 
may be obtained easily using a ring-shaped 
ferrite core with an outer diameter of 8 mm. 


1. Improvement of the Switching Ratio 


Since a magnetic amplifier is essentially a 
variable impedance element in an alternating 
current circuit, it may be used effectively for 
performing ON-OFF functions for high 
frequency alternating currents. Ferrite cores 
are used almost exclusively in high-frequency 
magnetic amplifiers, but the switching ratio 
of ferrite cores is quite low compared with 
the ratio obtainable with low frequency 
switches using the usual types of core ma- 
terials; therefore the improved circuit shown 
in Fig. 1 must be used. Fig. 1, (a) shows the 
circuit generally used, while (b) shows a 
circuit which is parallel tuned at the zero 
control signal condition, thereby raising the 
switching ratio by about 10 dB compared with 
circuit (a); and (c) shows a circuit which is 
series tuned by C, at the driving condition, 
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D.C. Control signal 


Gi — 00 > 
ALI 
Source 
a2) 
8 
(a) Fundamental circuit of 


no- feedback type series- 
connected magnetic amplifier 


D.C, Control signal 
Cs 


H.F 
Source 


D.C. control 


Capacitor C, is connected in series 
with the power winding. C apacit or Gs 
series tunes. 
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D.C. Control signal 
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Control winding 


Power winding 


Cp 


Q 
load 


(b) Modified fundamental circuit of the 
magnetic amplifier with capacitor which 
parallel turns the inductance of the 
power winding when no dhercurkent sks 


fed to the control winding. 


Signal 


HF. 
source 


By constructing a bridge using 


an autotransformer and resistance 
Ao, leakage current from the 
magnetic amplifier is greatly reduced. 


Fig. 1—Improvement of magnetic switch circuit. 


thereby further improving the switching ratio 
by 10-12 dB compared with circuit (b). 

A switching ratio of about 40dB may be 
obtained quite easily with the circuit shown 
in (c). For driving a large-scale core matrix, 
however, a switching ratio of 40 dB is not 
sufficient. Fig. 1, (d) show a circuit in which 
a bridge is formed with a magnetic amplifier, 
a balancing resistor, and an autotransformer, 
thereby cancelling the leak at the zero control 
signal condition so that, in theory, infinite 
S/N is possible. But an S/N of about 50 dB 
is the practical limit owing to the production 
spread of various parts used for many 
electronic switches and to the second _har- 
monics induced from the cores used for the 


magnetic amplifiers. 
2. Magnetic Amplifier Control Circuit 


Address selection signal of the experiment- 
ally made core memory matrix will be given 
by parametron signals consist of “one out 
of n codes” system. Fig.2 shows, as an 
example, the circuit arrangement of a 20 row 
driver. Signals S;, So,+:--Ss, and Sees 

+S,’ are all parametron signals (carrier 
frequency 1 Mc, modulating frequency 10- 
25 ke, duty ratio 50%), and the information 
is expressed as “1” when it is in-phase. and 
as “0” when it is 180° out of phase with 
the standard phase and phase-voltage con- 
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0 
800p} 
ap 500ke 
9 = 20V(rms ) 
= fe) 


out of $ Selecting signal 


1 


‘1 out of 4 Selecting signal 


Fig. 2—Circuit arrangement of 20 row driver with an output of 14 Watts each. 


version is made by comparsion with the 
standard phase. 

The two-stage transistor amplifier shown 
within the dashed lines works like an ON- 
OFF switch in a direct current circuit, so 
that when a switch in one row and a switch 
in one column are ON, current will flow 
only through the control winding of the 
magnetic amplifier at the crossing point, 
thereby turning the corresponding magnetic 
switch ON, thus supplying sufficient writing 
current to the driving loop of core matrix 
connected to the switch. 

The input power obtained from parame- 
WensmS0'S.455,4nd S,* is about 2:5 
mWatts each; which exceeds the 1-2mWatts 
driving power required by the 2SA172 tran- 
sistors. Transistor 2SA172 will switch ON a 
maximum current of 200 mA, including the 
charging current for the 0.1 “fd speed-up 
condencer, and a static current of 120 mA, 


thus supplying sufficient driving current to 
power transistor 2SB84. Transistor 2SB84 
(fa=400 KC: equivalent to RCA 2N301A) 
able to switch a current of 1.2 Amp within 
34sec; and within 7-8 sec when the time 
constant of the control winding of the mag- 
netic amplifier is included. 

In order to shorten the time required for 
turn on and turn off, a 0.1 ufd speed-up 
condenser and a 2.25 wH reverse base-driving 
choke coil are used, the former is effective 
in shorten—the “turn-on” time and the latter 
inversely shortening the “turn-off” time. 

In the OFF condition of the magnetic 
amplifier, a tuned impedance of more than 
1kQ can be obtained, while in the ON 
condition, a series tuned impedance of about 
1Q can be obtained. Therefore, for a load 
resistance of 140, an ON OFF sratio of 
1014/15, i.e. an S/N of about 37 dB may be 
obtained even with the circuit shown in 
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Fig. 1 (c). If, in-this case, a bridge connection 
is formed as shown in Fig. 1(d), an S/N of 
at least 50dB may be secured. The driving 
circuit impedance of memory-core matrix will 
be transformed into 14Q through a matching 


transformer. 


3. Design Consideration 
a) Magnetic Amplifier 


Almost all magnetic amplifiers used in the 
low frequency band are of the self-saturating 
or doubler type. However, the case of mag- 
netic amplifiers in the high frequency band, 
feedback types are not used since such types 
is suffer from extreme deterioration of the 
characteristics of the core materials and feed- 
back rectifiers, so that no great difference 
can be seen in characteristics between feed- 
back and non feedback types. 

The following general relation exists be- 
tween the core volume and the output power 
of magnetic amplifiers. 


) 8 
Vol= oe ox =(cim>) (1) 
BO GAG 
Wa) fe cm ae 
where 


WwW )—output power (Watts) 

f —source frequency (C/S) 

By—maximum flux density (Gauss) 

K,—maximum output voltage/source 
voltage 

Kz—maximum output current/ideally 
saturated current. 


By introducing output=14 Watts, f=500-ke, 
Bn=400 Gauss, A/cm=10 and K,, K,=0.9 
into Eq. (1), a core volume of about 0.1 cm? 
can be obtained. Therefore, a core size of 
5mm inner diameter, 8.5mm outer diameter 
and 3.4mm ring width be quite satisfactory. 

As against 24 A.C. ampere turns, 60 con- 
trol ampere turns are required in order io 
have the core fully saturated, so that 60 
turns on the control winding and 1.2 Amp. 
of control current were decided upon (a 20% 
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margin was allowed.). 


b) Optimum Load Impedance 


The ON impedance of the magnetic ampli- 
fier will be, as mentioned above, lowered to 
about 1Q@ due to series tuning, so that, in 
order to introduce maximum output, the load 
impedance should also be fixed at 10. In 
this case, however, the output voltage in the 
ON condition will be 1/2 of that for the no- 
load condition and a large variation will be 
seen in output voltages due to the variations 
between electronic switches. 

Assuming now that the circuit reactance is 
X and that the load resistance is R when the 
magnetic amplifier is ON. If the balancing 
resistance of the bridge circuit is neglected 
the following relation will exist between the 
variation of reactance X and the variation of 
the output voltage. 


AIR —=( xvi XG _ AVy (2) 
IR Zl a \= V, 
where 
2 OSs ey aes 


In case, for example, the reactance in the 
ON condition deviates from the reference 
value by +90% (0.10~1.90), R/X=6.6 
may be obtained from Eq. (2) in order to 
make the variatlon in output voltage stay 
within +2%. Namely, it is apparent that a 
load impedance of at least 6.6Q is required. 
Also, in order to insure that the phase vari- 
ation in the ON condition is within +5°, the 
load resistance must be greater than 14Q. 
Thus, the level of driving voltage of the 
memory core matrix may be stabilized to a 
high degree if careful consideration is given 
to safety factors when designing the magnetic 
amplifier. 


c) Balancing Resistance R 


The determination of the resistance of the 
balancing resistor R, is closely connected 
with the leak level in the OFF condition. 
Suppose for instance, that the parallel turned 
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-—30 I 


(= 
E 


Fig. 3—Leakage output vs. impedance 
ratio. 


7300-14 
Tk/ Goa) 


S/N( db) 
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(ii)—Output signal; waveform (500 kc) (left). Same 
Fig. 4 (A)—S/N vee balancing resistor Ry and signal but time scale expanded 10 times (right). 
parallel tuning condenser Cy (25°C). 


(i)—Input controlling signal (1 Mc) (left). Same signal (iii) Waveform otf signal in output with time scale 


but time scale expanded 10 times (right). expanded 100 times (left). Waveform of noise 
in output with voltage scale expanded 10 times 
(right). 


Fig. 4 (B)—Input and output waveforms of core matrix driver. 
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impedance is Z, in the OFF condition of the 
electronic switch, Ry is Ze, and Z; to be 
accompanied with variance AZ,, no load leak 
voltage dl) caused by unbalance of bridge 
may be represented as 


Spe ay \oP Ag, -( 42 ee M 
ilo=E{ ( La R2 ) ( Zi ) cis Zi cal 
(3) 


where 
E=maximum output voltage. 


Therefore, the relation between the leak 
voltage and the impedance ratio in the loaded 
condition may be plotted as shown in Fig. 3. 
As seen from this figure, a leak level of 
—50dB may be maintained with the circuit 
constants shown in Fig. 2 if the imdedance 
variation of Z, is within 20%. 

Fig.4(A) shows the measured values of 
S/N against the variation of balancing re- 
sistance Ry and parallel tuning condenser C,, 
while Fig. 4(B) shows the input signal wave- 
form Fig. 4(B), i and output voltage wave- 
form Fig. 4(B), ii of the magnetic amplifier. 
These photographs show the waveforms in 
case where the same row was driven once 
for every four modulating cycles. 


4. Output Waveform, Efficiency, and 
Other Characteristics 


a) Output Waveform Distortion 


The output waveform is, as shown in Fig. 
4(B), approximately a sine wave. Measure- 
ment of the harmonic components showed 
that there was a second harmonic component 
of approximately —40dB due to hysteresis 
in the core of the magnetic amplifier and a 
third harmonic component of about the same 
value caused by the nonlinearity of the core. 
As a matter of course, the second harmonic 
depends on the source voltage, having no 
bearing on control ampere turns, and the 
third harmonic diminishes as the control 
ampere turns increase. 
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b) No Load Loss of Magnetic Amplifier 


The power loss caused by the core and 
balancing resistance of the magnetic amplifier 
in the unexcited condition is about 0.3 Watts 
per bridge. Therefore, supposing for instance 
that an output of 14 Watts was dissipated by 
one driver out of 100 row drivers and that 
0.3 Watts was dessipated by the remaining 
99 drivers, a high frequency source supply 
of about 44 Watts is required, and the ef- 
ficiency is 32%. If in this case, all the mag- 
netic amplifiers are replaced by vacuum tube 
amplifiers, the apparent efficiency will be 
below 1%. 


c) Temperature Characteristics 


The variation of the characteristics of the 
ferrite core and the transistor under which 
ambient temperature variation can not be 
disregarded. Temperature coefficient of the 
permeability of ferrite core, are about 0.5 
%/°C at the temperature of approximately 
20°C. Therefore, as ambient temperature 
varies by +10°C, inductance varies by +5%. 

Since, this corresponds to a variation ap- 
proximately +5% of the parallel tuning 
condenser C, shown in Fig. 4(A), it can be 
understood that an S/N of —50dB can be 
maintained for a +10°C variation of ambient 
temperature, if adjustment is made so as to 
bring about the optimum conditions at the 
temperature of 25°C. 

In the transistor amplifier, variation occurs 
mainly in /.. and in the level between base 
and emitter. As regards Jo, however, slight 
Quiescence current is flowing through the 
control winding of the magnetic amplifier at 
the OFF condition, and this has a tendency 
to reduce inductance as against the rise in 
temperature, thereby somewhat compensating 
for the increase of inductance due to the 
rise of temperature of the ferrite core. 


d) Output Voltage Stability 


Since, as mentioned before, the load im- 
pedance is selected to be more than 10 times 
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as large as the reactance of the ac winding 
in the ON condition, the variation of output 
voltage due to load variation, transistor D.C. 
source voltage fluctuation, and input signal 
level variation is very slight. For instance, 
for a D.C. sourse voltage variation of +10% 
and an input signal variation of +10%, the 
reactance in the ON conditions is on the 
average, only 10 +21%, so that even if the 
load resistance also varies, by +10%, the 
variation of output voltagem aintaining within 
sedge ae 


e) Characteristics Required of High 
Frequency Power Source 


As the output power is distributed from a 
common source by means of switching, the 
efficiency will be lowered unless the power 
source impedance is kept much lower than 
the load impedance. The high frequency 
power source, therefore, should be designed 
so as to have a sufficiently low output im- 
pedance by using a cathode follower, servo- 
mechanism or the like. 


Conclusion 
A core matrix driver employing as an 


electronic switch a magnetic amplifier from 
which a high switching ratio can be obtained 


has been described. What characterized this 
system is that by the combination of power 
transistors and magnetic amplifiers, high 
frequency power of 500kce-2Mc with an 
output of 10-20 Watts can easily be distri- 
buted to many driving terminals of a core 
matrix with the improved reliability, S/N, 
and output stability for which strenuous 
efforts have been made. The volume occupied 
by each driving unit is about 1X1 X2 inches, 
exclusive of the common power supply. 

Although in this paper the explanations 
are limited only to the core matrix driver; 
needless to say, this system may also be 
utilized for driving a magnetic core con- 
verter? or a sort of permanent memory 
so-called metal card memory for parametron 
device. 
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A Consideration on Relation between Mechanical 
Behavior of Glasses and Their Internal Structure 


Muneo WATANABEt and Taro MORIY At 


The relation between the mechanical properties of glasses and their internal structures is 
theoretically considered. First, experimental results of the time dependence of viscosity, 
visco-elasticity, and strength of glasses are clearly indicated. Then the “glassy microphase” 
theory, a previously published hypothesis on the internal structure of glass, is applied to 
the results. The theory and the experimental data are in good agreement. 


Introduction 


Watanabe, one of the present authors, has 
reported in many papers), concerning 
the experimental results of experiment on the 
mechanical properties of glasses such as vis- 
cosity, visco-elasticity, and strength. In other 
papers,“ he also reported on his studies 
of the internal structure of glasses by the 
electron microscope. 

The purpose of this paper is to consider 
theoretically the mechanical properties of 
glasses in the light of the “glassy micro- 
phase” theory. 

This paper consists of three parts: first, an 
explanation of the experimental results on the 
internal structure of glasses; second, a des- 
cription of experimental results on the me- 
chanical properties of glasses; and third, a 
theoretical consideration on the relation be- 
tween the mechanical properties of glasses 
and the internal structure of glasses. 


1. The Internal Structure of Glasses. 


The internal structure of glasses deduced 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory, Sept. 19, 1960. 

{ Ferroelectric Materials Research Section. 

t The Tokyo Institute of Technology. 


from electron microscope studies® can be 
summarized as follows: 

(a) Glass which is seemingly transparent 
and homogeneous, is in fact hetrogeneous in 
the sense of micro-structure. This hetero- 
geneity consists matrix and micro-structures 
which the authors called “glassy-microphases’”’. 

(b) These glassy microphases have certain 
settled average chemical compositions, such 
as sodium borate and silica rich in borosilicate 
glasses. 

(c) These glassy microphases are not 
crystal, as usually conceived; but amorphous, 
so to speak. 

(d) The size of the glassy microphase 
grows with increase in heat-treating time at 
constant temperature at a given point within 
the transformation range. 

(e) The size of the glassy microphase 
varies with different heat-treating temperatures 
for a constant heat treating time. Its size 
in a heat-treated specimen is bigger than that 
in a quenched specimen. 

These five experimental results are schema- 
tically expressed in Fig. 1, which shows how 
the size and shape of the glassy microphases 
of two different chemical compositions changes 
with heat-treating time for constant heat-treat- 
ing temperature. A similar pattern of change 
takes place if the temperature varies and the 
heat-treating time is constant. 
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The basic principle of a schematic repre- 
sentation such as Fig.1 has been reported 
by Moriya.” Watanabe proved its validi- 
ty experimentally, and gave it a quantitative 
expression in Fig 2. 

Fig. 2 illustrates how the size of the SiO, 


3} Glassy-microphases, (SiO,) 
© glassy4microphase (Alkali-borate) 
(ea Matrix Containing Na,0,B203, SiOz, 


iG 
LZ, 


(B) 


Heat-treating time 


Fig. 1—A schematic representation of the 
change of ‘the internal structure 
of a glass. 
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Fig. 2—Growth of the “Glassy microphase” 
(SiO;) with heat-treating time and 
temperature. 


glassy microphases change with heat-treating 
time for two different temperatures. The 
term “width” in Fig.2 stands for the dia- 
meter of the spherical glassy microphases 
when they are isolated from one another, as 
shown in (A) and (B) of Fig. 1. When they 
combine and form skeletons as shown in (C) 
of Fig. 1, the “width” stands for the shorter 
width of the skeleton. 

The shorter width of a skeleton has the 
same “width” as an isolated spherical micro- 
phase produced under the same heat-treating 
conditions, therefore there is no theoretical 
difficulty in defining “width”. 

It may not necessarily follow that glassy 
microphase patterns identical to those shown 
in Fig. 1 appear in all kinds of glass. But 
the authors consider that regardless of differ- 
ence in size, shape, and chemical composition, 
glassy microphases exist in every kind of 
glass. This point is elaborated on in Ap- 
pendix 1. 

In this paper, the “glassy microphase” 
theory is used as a basis of the explanation 
of the experimental results of the mechanical 
properties of glasses. 


2. A Consideration on the Relation 
between the Strength of Glasses 
and Their Internal Structure. 


The strength of glass is one of its mechani- 
cal properties, and is indicated by its fracture 
under a maximum stress. Concerning this 
property of glass, i.e. strength, there is 
Griffith’s theory‘” which has been confirmed 
by many papers. 

On the other hand, the “fatigue” phenome- 
non pointed out by Preston‘'” has become 
well-defined since R.E. Mould“? and R.D. 
Southwick found the universal fatigue curve. 

In this section, the authors consider the 
relation between the internal structure of 
glasses and their strengths, for both abraded 
and unabraded specimens, and for those with 
and without the fatigue phenomenon. 


2.1. Symbols used in This Section 


o=strength (general) 
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o,=strength of unaged specimens tested in 
liguid nitrogen 

o,/=strength of aged specimens tested in 
liquid nitrogen 

o,»'=strength of aged specimens tested in 
water 

C=depth of cracks (general) 

C,=depth of abrasions artificially made on 
the surface of unaged specimens 

C,/=depth of abrasions artificially made on 
the surface of specimens aged over water 

C,=depth of latent flaw due to the bounda- 
ry size of the glassy microphases in freshly 
drawn specimens (i.e., specimens which have 
not been heat treated.) 

C,=depth of latent flaw due to the bounda- 
ry size of the glassy microphases in heat- 
treated specimens 

C,;=depth of latent flaw produced by a 
physicochemical reaction which supposedly 
takes place between water and glassy micro- 
phases under stress. This physicochemical 
reaction is considered as a cause of the fatigue 
phenomenon. 

E=Young’s Modulus 

a=Surface tension 


2.2. Strength of Glasses without the 
Fatigue Phenomenon 


Griffth’s formula,“ which is given below, 
can be use for the strength of glasses without 


fatigue. 
a Eva 
o=ha/ C 


where & is constant (=i). 


@5. 


2.2.1. Griffith’s Flaw 

As reported in Watanabe’s previous paper, 
the specimens were prepared with extreme 
care so as to avoid any possible damage be- 
fore their strength was measured. The values 
of the strength of the unabraded specimens 
tested in liquid nitrogen were still much lower 
(150,000-180,000 p.s.i.) than the theoretical 
values. 


This low strength is ascribed to Griffith’s 
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flaws latent in the unabraded specimens. But 
why do the specimens which are neither 
abraded nor touched have such a latent flaw? 

To answer this question, the authors assum- 
ed that the latent Griffith’s flaw is attributed 
itself the boundary line of the glassy micro- 
phases in the glass specimens. This as- 
sumption is illustrated in Fig.3. The size of 
the glassy microphase in a quenched speci- 
men is small, whereas that in a heat-treated 
specimen is large, as shown in (A) and (B) 
of Fig. 3: 


Heat-treated glass 


(B) 


Quenched glass: 


(A) 


C; <= C2 


Oo | 
€ "Glassy microphases 


Fig. 3—Difference between the strength of 


quenched and _ heat-treated 
mens. 


speci- 


It may well be assumed that there exists 
a weaker boundary layer between a glassy 
microphase and it’s matrix part. 

This layer is considered a latent flaw. 
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This means that each specimen has latent 
flaws, the depth of which corresponds to C, 
in Fig. 3 (A), or to C, in Fig. 3 (B). In other 
words, the strength o,, of a quenched speci- 
men is greater than the strength o. of a 
heat-treated specimen, which can be inferred 
trom 2q.(1), for Cy< Ge 

This assumption will successfully explain 
the previous experimental results???“ jin 
which the strength decreased as the _heat- 
treatment increased. The following is an 
examination of the applicability of the above 
assumption, using Griffith’s formula. 

The strength value of unabraded (V-1) glass 
tested in liquid nitrogen was 8,400 kg/cm? 
(120,000 p.s.i.). This was a heat-treated speci- 
men (500°C, 1 hour), and its internal structure 
was as illustrated in Fig.1. From the ex- 
perimental data of Spinner“’® and Parmee,“” 
Young’s Modulus of the specimen was esti- 
mated to be 800 x 10° dyne/cm and its surface 
tension to be 3X10? dyne/cm. Substituting 
these values into Eq. (1), we obtain 


E-a _ 800X10°x3 x10° 


C,= ae (8 x109)2 -=380 (A). 


This means that the unabraded specimen 
must have latent flaws whose depth is about 
400 A. 

On the other hand, the width of the glassy 
microphase of a heat-treated specimen (565°C, 
1 hour) was found by observation with an 
electron microscope to be about 500 A. The 
calculated value of the flaw depth agrees 
sufficiently well with the experimentally 
observed width of the glassy microphase, if 
the difference of the heat-treating temperatures 
is taken into consideration. 

In other words, it was correct to assume 
that the depth of the Griffith flaw C would 
be closely related to the width of the glassy 
microphase. 


2.2.2. Effect of Chemical Compositions 
of Glasses on Their Strength in 
Liquid Nitrogen 


The same thought process as above can be 
applied to the abraded specimens illustrated 


53 


in (C) and (D) of Fig. 3. As shown in these 
figures, each specimen is abraded to the same 
depth Cy, so that the total depths in these 
cases Cy+C, and Cy)+Cs, respectively. Since 
Co+Ci,<Cy+Cy, the strength of the specimen 
in Fig. 3(C) is greater than that of the speci- 
men in Fig. 3 (D). 

A schematic consideration such as Fig. 3 
can be used to explain the difference in the 
strengths of glasses of different chemical 
compositions. 

Fig. 4* shows the Isokoms (Lines of Con- 
stant strength) of the specimens tested in the 
liquid nitrogen after they were abraded to 
the same depth C». 


SiO2 


—~ Na, O(mol % ) 


Fig. 4—The strength vs. chemical compositions 
of abraded and unaged specimens tested 
in liquid nitrogen. Strength values and 
contours in Kg/cm? x10. An anomaly 
lies along the M line. 


Apparently, Fig. 4 shows no additive re- 
lationship between the chemical composition 
(Na:O, CaO, and SiO;) and the strength oy. 

According to Zachariasen’s theory, the 


* On Dec. 15, 1960, Watanabe received the renew data 
of this diagram from Preston Laboratories Inc., 
Butler, Pa., but main tendency is not different to this 
diagram and renew diagram. 
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strength (ox) should decrease monotonically on 
in the direction of the increase in the Na,O 

content of the glass, because the probability 

that the Nation will loosen or cut the chemi- 

cal bond (Si-O-Si) will increase as the amount 

of Na,O increases. 

This assumption, however, does not agree 

with the experimental results shown in Fig. 4. 
The isokoms make the hill of the maximum 
strength (ie. anomalies) along the M line 
which draws from the composition Na,O. 2Si 
Oz to the CaO. SiOz. (Ca0-Si0, } 

It should be emphasized that the chemical 
compositions of the both ends of the anomaly 
line correspond to Na,O.2SiO, and CaO. (Na, 0-2Si0,) 
SiO,. These are the chemical compositions 
corresponding to the microphases which have 
been theoretically suggested by Moriya.‘” 

In Fig. 5, the strength values are plotted 
in two ternary systems according to the glassy 
microphase theory instead of the usual terna- 
ry system shown in Fig.4. In Fig.5, the 
chemical compositions of the glasses were 
recalculated from the amount of the compo- 
nents SiO:, Na,O and CaO, to the quantities 
of the molecular component [SiO,}, [Na,O. 
2Si0,}], [CaO.SiO.}. No anomaly appears Le 
in the Figure and it is seen that there exists 
an linear relationship between the molecular 
compositions of the microphases and_ the 


(Naz0S 102) 


mol % 


20 40 60 80 [Na,0-Si0,) 


Fig.5—Liquid nitrogen strength vs. chemical 
compositions on the basis of the glassy 


strength. microphase theory for abraded and 

Therefore, it can be safely said that the unaged specimens tested in liquid nitro- 
strength oy is dependent on the size or width gen. Strength values and contours in 
of the glassy microphase, namely on C, in Kg/cm*x 10°. No anomaly is seen in 
(C) and (D) of Fig. 3. these systems. 


If this is true, the size of the glassy micro- 
phase C; can be calculated from Eq. (1) for 
various glasses. The following calculations 
were carried out from this point of view. 


tension of V-1 glass, 
C,)=depth of artificial abrasion, 


For V-1 Glass, the strength is given by Cxw=depth of latent flaw due to the 
Rol wines creation: boundary size of the glassy microphase. (See 
Fig. 3 (D)). 
jpn ee Sn 
On. w=kal Epo (3) Similarly, for NCS-6 Glass in which the 
existence of glassy microphases having the 
aden composition Na,O.2SiO; is assumed, the 


strength is expressed as follows: 

ov. v)=Strength of V-1 glass (unaged), test- 
ed in liquid nitrogen, an = ha) Ee ones 
Ew, and av,)=Young’s Modulus and surface ‘i Ca* 66) 


(4) 
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where 


dy.) =Strength of NCS-6 Glass (unaged) 
tested in liquid nitrogen, 

Ew), @@ = Young’s Modulus 
tension of NCS-6 Glass, 

C)=depth of the artificial abrasion, 


and surface 


Cz.«)>=depth of latent flaw due to the 
boundary size of the glassy microphase. 
The ratio of Eq. (3) and Eq. (4) is: 
ONn- WV) 2 eck Ew: a (5) 
ON. ©) C+ Cray aed) - 


Substituting the following experimental values 


in Eq. (5): 


On-vy = 980 kg/cm? 
6n-@) =950 kg/cm? 

C)=3 107° cm (See reference No. 4.) 
Cow) =5 X10 © em (See Fig. 2; 565°C,1 hour.) 
Exy-awy) = Ed) ~2 X10" (dyne?/cm’). 


we obtain 
C2.¢6) © 800 A 


A similar mathematical treatment was 
applied to the other types of glassy micro- 
phases such as Na,O-SiO:, and CaO-SiO:. 

The order of the latent flaw depths obtain- 
ed are as follows: 


[Na,0-SiO,] > [Na,O-2SiO,] > [(CaO-SiO,]: 


This order agrees well with the predicted 
size of the glassy microphases.‘” 

So far, the authors have proved that there 
is a close relationship between the size of 
the glassy microphase and the strength of 
glasses without fatigue. 


2.3. Strength of Glasses with Fatigue 


2.3.1. On the Mechanism of Fatigue 

The fatigue phenomenon may well be as- 
cribed to a physicochemical reaction which 
takes place between the glass and water, be- 
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cause the fatigue phenomenon was accelerat- 
ed?®C® by increasing the humidity during 
the strength test. 

It is apparent that the original Griffith 
formula‘ can not explain the fatigue pheno- 
menon, because in the Griffith formula, the 
strength is not a function of the time under 
stress. 

Therefore, a suitable method to obtain a 
suitable formula is to modify the Griffith 
formula. In the original Griffith formula, only 
the flaw depth C can be modified as a 
function of time. Young’s modulus and the 
surface tension cannot possibly be functions 
of the load duration. Even when values of 
Young’s modulus change slightly, no _ big 
change in the value of the strength can be 
expected, for strength is proportional to the 
square root of both Young’s modulus and 
the surface tension. 


Short load duration Long load duration 
(A) (B) 


+—— Stress ———— a 


SJ 1 T 
e Co! | Co 
I LS ae om Coes 
Mey eee | 
! e = 
(C) (D) 
——— Stress ——— ———— Stress = 
T T ay 
ae mea 
1 ONO Oy Dna Be oe 
SIS C & 
| eee oes ress | Treo 
bee wah 
C,=Co+C2+Cai C, =Co+C2+¢ 
C,<C, 
Ow, > OW, 


Fig. 6—A schematic representation of the me- 
chanism of the fatigue phenomenon. 


(A) and (B) of Fig. 6 illustrate the assum- 
ed mechanism of fatigue as a variable of load 
duration. Suppose the glass surface is arti- 
ficially abraded, and the depth of the abrasion 
after aging is C,’. If a tensile stress is appli- 
ed in the direction of the arrow in Fig. 6, 
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the crack depth is extended to C;, owing to 
the reaction between the glass and water at 
the tip of the crack; and an explosive frac- 
ture occurs at a velocity which nearly equals 
the velocity of sound, when the crack be- 
comes as deep as Ci. 

Case (A) in Fig.6 is for a shorter load 
duration than case (B). Therefore, the flaw 
depth C; made by physicochemical reaction 
is shallower than Cy. It follows that ow.1, 
the strength tested in water for the shorter 
duration is greater than ow.y, the strength 
tested for the longer duration. That is, oy. 
>Ow-t- 

Such an analytical explanation of the 
mechanism of fatigue is comparatively easy 
to understand. A more detailed discussion 
on this point will be made in a later section. 

Next, the mathematical procedure suggest- 
ed by Mould“? and R. D. Southwick will be 
applid to the experimental data of the fa- 
tigue of glass, which has been reported 
Watanabe.“ 

By taking the ratio of ow’/oy’ at various 
values of the load duration, the “reduced 
fatigue curves” of glasses of different chemi- 
cal compositions were obtained. Figs. 7, 8, 
9 and 10 illustrate such reduced fatigue 
curves. 

What is meant by the above mathematical 
procedure is the normalization of the values 
of the vertical axis (the strength tested in 
water) so as to indicate the degree of fatigue 


0.01 01 1 10 100 1000 10000 
—— Load Duration (Sec.) 


Fig. 7—Reduced fatigue curves for soda-lime 
glasses. (Part [| .) 
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Fig. 8—Reduced fatigue curves for sodal-ime 
glasses. (Part II.) 
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Fig. 9—Reduced fatigue curves of various 
glasses. 
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Fig. 10—Reduced fatigue curves for soda-lime 
glasses containing Al.Os. 
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of glasses of different chemical compositions. 

In Figs. 7, 8, 9 and 10, the series of NCS 
and A glasses represent glasses of different 
chemical compositions in the Na:O-CaO-SiO, 
ternary system and in the Na,O-CaO-SiO,- 
Al,O; quarternary system. 

Now, #5 is defined as an indicator of the 
degree of fatigue, given as the characteristic 
load duration of each kind of glass when 
the value of ow’/ox’ becomes 0.5. In other 
words, ¢)., may well be regarded as a reaction 
constant of the physicochemical reaction be- 
tween water and various glasses. Therefore, 
in (B) of Fig.6, the time needed for the 
depth of the crack to increase from C,’ to 
Cy varies according to the different chemical 
compositions of the glasses. 


Sid, 


Sca0 SOs 
Se S 


25) 
———=Na,0 (mo|%) 


Fig. 11—Relation of ¢).5 (sec.) to various che- 
mical compositions. An anomaly lies 
along the line between Naz2O+2SiO2 
and CaO-SiOz. 


Fig. 11 shows some values of f).;, estimated 
from the reduced fatigue curves, for the 
NCS glasses. No additive relationship between 
t)., and the composition of the oxide com- 
ponents such as NazO, CaO and SiO: is seen 
in this figure. A continuous deep valley of 
value t).,; lies along the M line which con- 
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nects [Na,O. 2SiO;] with [CaO. SiO.). This 
fact suggests that the mechanism of fatigue 
in the physicochemical reaction is not govern- 


ed only by the simple oxide component, such 
as Na,O. 


{SiO2] 


(Ca0-Si0>] 


(NaO-Si0,) 20 40 60 80 [Na 20+ Si0>] 


mol % 


Fig. 12—Relation of f).5 (sec.) to various che- 
mical compositions, based on the 
glassy microphase theory. No ano- 
maly is seen. 


Fig. 12 is a graphical presentation of 1%). 
according to the glassy microphase theory. 
Sufficient additivity is shown in_ these 
diagrams. 

This fact leads us to a new idea on the 
mechanism of fatigue--the idea that t.; is a 
reaction constant of the physicochemical 
reaction between water and the glassy micro- 
phase. 

The idea is illustrated schematically by (C) 
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and (D) of Fig. 6. In these figures, Co’ stands 
for the depth of the artificial abrasion, C2 for 
the depth of the latent flaw mentioned in 
(C) and (D) of Fig. 3, and C;,, and C3. re- 
present the depths of other latent flaws caused 
by the physicochemical reaction between 
water and the glassy microphases under 
stress. Both C3. and C3.. may well be con- 
sidered to have been caused by H* ions and 
so forth in water which have penetrated into 
the glass and broken off the chemical bonds 
such as Si-O in the glassy microphases. 
Therefore it is considered that the fiaw 
depths C3. and C3.. cause the fatigue of 
glasses. 

Now, another normalization for the hori- 
zontal axis of Figs.7, 8, 9 and 10, was 
carried out by using ¢/t,; instead of the 
simple load duration ¢. 


O7r 


0.6}- i 3 
05 yc" 


Ow 4 ae 
0.2 ae 


Ou Cor Oty a 10 100 


7,000 10,000 
t 
ro 5 


Fig. 13—A universal fatigue curve induced from 
the behavior of specimens of various 
chemical compositions with the same 
abrasion and aging conditions. 


Fig. 13 shows the result of the normaliza- 
tion of the reduced fatigue curves. The figure 
clearly shows that many black dots represent 
the normalized values, and they form them- 
selves into a curve. This curve coincides with 
the “universal fatigue curve” found by 
Mould“” and Southwick. They induced it 
from their experiments on glass specimens of 
definite chemical composition with varied 
abrasion depths, whereas the authors induced 
it from the specimens of various chemical 
compositions with definite abrasion depth. 
The physical meaning of t,,; for both cases 
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ss different. The quantitative consideration 
of the universal fatigue curve in the latter 
case will be discussed in the following section. 

The important point that should be em- 
phasized here is that there is no other factor 
except ow’/oy’ and ¢@,5 in the universal fa- 
tigue curve which governs the mechanism of 
fatigue. 


2.3.2. Considerations on the Universal 
Fatigue Curve 


In order to make a mathematical formula 
for the universal fatigue curve, attention 
should be paid to the following terms. 

(a) Since the normalized axis in Fig, 13 
represents ow’/oy’, the ratio of the strength 
in the presence of fatigue to the strength in 
the absence of fatigue should be convenient- 
ly taken at the left-hand side of the formula. 
The term oy’ which stands for -the strength 
(no fatigue) is given as follows, according to 
the Griffith formula, similar to Eq. (3): 


fame Ea 
osm et, o 


On the other hand, the strength ow’ (fatigue) 
is given by the modified Griffith formula as 
follows: 


; Ea 
SAN =h,/ Cay (7) 


where C(t) denotes that the depth of the flaw 
is a function of the load duration ¢. 

From Eq. (6) and Eq. (7), ow’/on’ can easily 
be obtained. 

(b) Vertical axis in Fig. 13 not represents 
the load duration ¢ but ¢/t).,, where bye 
stands for the reaction constant characteristic 
to each kind of glass. 

According to Moriya,?® the deformation of 
a glassy microphase by an external force is 
due to the breakage of the chemical bonds 
between atoms in the microphase, and the 
deformation velocity of the glassy microphase 
under stress is proportional to the number of 
the bonds which have not yet broken at that 


time. Therefore, the velocity can be describ- 
ed as follows: 
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dv 


cans»? (8) 


dv ; 
where aS deformation velocity of the 


glassy microphase; 
J = number of the chemical bonds to be 
broken by stress; 


vy = number of the chemical bonds already 


broken at the time ¢; 
k, = a constant which depends upon the 
shape, size and composition of the glassy 


microphases at various temperatures. 

Watanabe’? assumed that the same kind 
of formula might be applied to the reaction 
between water and the glassy microphases 
under stress; that the velocity of breaking 
the chemical bonds in the glassy microphases 
would be expressed. by the number of the 
unbroken bonds at that time. 


d 
7 =a(N—n) (9) 


where a= a constant which depends upon 
the shape, size and composition of the glassy 
microphases; 

N= number of chemical bonds to 
broken by the reaction; 

nm = number of the chemical bonds _al- 
ready broken at time ¢. 

On the other hand, the breakage of 
chemical bonds by the reaction under stress 
produces a deep latent flaw. Provided that 
the number of the broken chemical bonds is 
proportional to C; which stands for the depth 
of this flaw, 


be 


Cr<n 
(10) 


ais (Gp =p-n 


where Pp is a constant. 
Substituting Eq. (10) into Eq. (9), we obtain 


dC. 


11) 
dt : 


-= B! CH’ — C3) 


where §’ and H’ are constants. 
Integrating Eq. (11), we obtain 
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C3 = AH’ (1—e-6/*) (12) 
In the actual breakage, the phenomenon is 
assumed to superposition of Eq.(12) as 
follows: 


C= 3 H/Q-e#¥) 


j=l 


(13) 


Considering the value ¢).; which is dependent 
on the difference of the chemical compositions 
of the glassy microphases, and using the 
corrected value f; instead of the constant 8,’, 
we obtain 


i 
C= HA, (1—€ 8iCt/to,5)} 


D. (14) 
j=1 
Whengy—2, 
Ct —e@ frlt/to,5)} + Hy {1 —e@ b2Ct/to’s)} (15) 


Eq. (15) gives the depth of the latent flaw 
made by the reaction as a function of time. 

Since the specimens used in the experiment 
by Watanabe” were initially abraded, the 
total depth of the flaw is 


Crsial ae Cy’ = Cy aia C; 


=C4+C;3 (16) 


where C,=C)/+Cz. 
By combining Eq. (16) with Eg. (15), we 
can get the time dependence of all flaws 


Ci), 


CU) =Cy + Hi (1 W/t0.8)} + Ha {1—e P2tt/t0.9)} 
(7) 


Substituting Eq. (17) into Eq. (7), and tak- 
ing the ratio of Eq. (6) to Eq. (7), we obtain 


ow’ ariel C, )t 

on AC) C(t) J 
ed lo Cy ae 
~ Cy 4+ Hy {1 —e83Ct/t0.5)} + Ho {1 —e-b2@/to.5)} 


(18) 
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Eq. (18) is an example of the final formula 
of the universal fatigue curve. 

The values of the constants in Eq. (18) can 
be evaluated by the experimental data indi- 
cated in Fig. 13 as follows: 
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Fig. 14—Experimental points and a theoretical 
curve calculated from Eq. (18). 


Substituting the above values into Eq. (18), 
we obtain the solid curve in Fig.14, which 
shows good agreement with the experimental 
results. 

In short, the authors wish to emphasize 
that the mechanism of fatigue is proved to 
be closely related to the glassy microphases, 
both experimentally and theoretically. 


2.4. Miscellaneous Considerations on 
the Strength of Glass 


(a) Load duration and the mirror area. 
If the mechanism of fatigue can be re- 


presented as in Fig. 6, the relation between 
the mirror area on the surface of the fracture 
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and the load duration can be easily explain- 
ed. When fracture occurs after short load 
duration, the mirror area, the diameter of 
which is (Cy —Co’). t( Aon Fe aos smaller 
than that for a longer load duration. The 
comparison of (A) with (B), or (C) with (D) 
in Fig.6 makes it clear that (Cy—Cy’) > (C1 
—C,’). This means that a shorter load 
duration causes a smaller mirror area and 
greater strength. This consideration agrees 
well with a past‘'” paper. 

So, Watanabe predicts an appearance of 
the structure of the glassy microphase at the 
mirror part of the surface broken‘ with a 
moderate stress, because of the pattern as 
shown in cases of (C) and (D) of Fig. 6. 


(b) Strength of Glass Fiber 


The dependence of the strength of glass 
fiber on its diameter can be explained in the 
same way as in (A) and (B) of Fig. 3. 

Glass fibers of the specimens quenched 
rapidly during the time of their formation 
have smaller glassy microphases than slowly 
cooled fibers, as shown in (A) and (B) of 
Fig.3. Therefore, rapidly quenched glass 
fibers’ with smaller diameters are stronger 
than slowly cooled glass fibers with larger 
diameters. 

The above assumption also agrees well 
with the fact‘’? that heat-treated glass fiber 
is weaker than non-heat-treated glass fiber. 


(c) The difference between the physico- 
chemical meaning of ¢,,; used in the present 
paper and that used by Mould“! is a project 
to be considered in the future. 


3. Viscosity and Visco-elasticity of Glass 
within the Transformation Range 


Since H.R. Lillie’® found the so-called 
phenomenon of “viscosity change with time 
at a constant temperature,” many  experi- 
mental and theoretical reports have been pre- 
sented to interpret the phenomenon. 

Watanabe also reported“ some experi- 
mental results of the “large deformation” to 
show the relation between the load and the 
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so-called viscosity, using the fiber-elongation 
method. However, he did not refer to the 
experimental result of so-called “small defor- 
mation,” which can easily be treated theoreti- 
cally. 

In this paper, therefore, the authors wish 
to present the experimental results of the 
“small deformation” and an_ interpretatation 


of its relation to the internal structure of 
glass. 


3.1. Experimental Results 


All experimental results were obtained at 
a constant temperature, using the fiber-elon- 
gation method. 


3.1.1. Results under a Constant Load 

A load was attached to glass specimens at 
the begining of the experiment, and the 
weight of this load was held constant through- 
out the experiment. The elongation of the 
specimen with the elapse of time was measur- 
ed by a traveling microscope. The “psuedo 
viscosity” [7], which will be newly defined 
below, was calculated through the following 
equation using the experimental results. 


m+ g 


i (19) 


2 et 


1 


iis 8 
where 


l=length of the specimen 
m=load 

g=specific gravity 
r=radius of the specimen 


“ =rate of the elongation of the speci- 


men. 


Usually the so-called viscosity 7 has been 
calculated from the right-hand side of Eq. (19), 
but the authors of the present paper wish to 
call this calculated value the “pseudo- 
viscosity.” 

For instance, the curves of the “psuedo- 
viscosity” changing with time in Fig. 15 (B) 
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can be obtained by calculation from Eq. (19), 
using the values of the experimental points 
indicated in Fig. 15 (A). 
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Fig. 15—The “pseudo-viscosity” change with 
time obtained from the experiment- 
al data of the elongation-method. 


3.1.1.1. On Freshly Drawn Specimens 
Figs. 16, 17, and 18 indicate the experi- 

mental results of the “pseudo-viscosity” of 

the W-1 (nonex type glass), S-1 (soda-lime 
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Fig. 16—The relations of the “pseudo-viscosity” 
to time for W-1 glass (nonex type 
glass). The ¢s curve of W-1 glass. 
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Fig. 18—The relation of the pseudo-viscosity 
to time for V-1 glass (Bolosilicate 
glass). The ¢; curve of V-1 glass. 


glass) and V-1 (borosilicate glass) glasses 
under a constant load. 

These specimens are freshly drawn speci- 
mens, and have not been heat treated before 
the measurement. 

It can clearly be seen from Fig. 16~18 
that the pseudo-viscosity curves of the several 
glasses are divided into two partsby ¢, 
curves‘ the one dependent on time, and 
the other independent of time. 

The time independent part of the values 
of the “pseudo-viscosity” can be immediately 
determined when the testing temperature is 
definitely chosen. For this reason the authors 
call this steady part of the pseudo-viscosity 
as the “steady viscosity”. Since the steady 
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viscosity has a linear relation to the recipro- 
cal of the absolute temperature in a narrow 
temperature range, it can easily be under- 
stood to us. 

The problem lies in the “pseudo-viscosity”’ 
(dependent on time), represented by the parts 
to the left of the ¢, curves. The purpose of 
this section is to analyze this kind of the 
pseudo-viscosity. 

Here a question may be raised whether 
the ¢, curve of S-l glasses and that of the 
V-1 glass are the same in character. The 
essential sameness in the meaning of both 
was proven in a previous paper.‘ The only 
difference lies in the retardation of the pseudo- 
viscosity according to different chemical com- 
positions. Therefore the following analysis 
of the time dependency in the pseudo-viscosity 
to the left of the ¢, curve is applicable to all 
kinds of glasses. 


3.1.1.2. Specimens Heat Treated 
before the Test 


The measurement of the pseudo-viscosity 
was carried out on the specimens which had 
been treated by heat beforehand under no 
stress, at the same constant temperature at 
which the freshly drawn specimens were 
tested. The obtained results are shown in 
Fig. 19. 

In Fig. 19, curves (a), (b), (c), and (d) are 
the experimental results of the pre-heat-treat- 
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Fig. 19—Effects of pre-heating on the pseudo- 
viscosity of W-1 glass. 
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ed specimens, whereas curves (a)’ and (d)’ 
are those of the freshly drawn specimens, 
measured at the same constant temperature 
as indicated in Fig.16. All curves of the 
pre-heat-treated specimens approach the value 
of the steady viscosity. This phenomenon of 
approach is independent of the conditions of 
the heat-treatment. But the time needed to 
approach the steady viscosity varies according 
to the conditions of the heat-treatment. 

In general, heat treatment before the test 
is supposed to cause a chang in the internal 
structure of the glass. It follows that those 
parts of curves (a), (b) and (c) that are to 
the left of the ¢#, curve must correspond to 
the change of the internal structure of the 
W-1 glass at 616°C. 

In other words, one of the causes of the 
change of the pseudo-viscosity with time be- 
fore the ¢; curve might well be the change 


of the internal structure of glass at a constant’ 


temperature. This is the 
clusion obtained from Fig. 19. 


important con- 


3.1.2. Additional Load Tests 


A load in addition to the initial one was 
applied to the specimen at a selected time. 
The elongation rate of the specimen with time 
was measured, and its pseudo-viscosity was 
calculated from Eq. (19). 
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Fig. 22—Method of calculating the experimental 
results with additional load. Curve (a)’ 
is the visco-elasticity of glass based on 
the rheological model as shown in Figs. 
20 and 21. 
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Fig. 22 (A) indicates the experimental data 
on the elongation of W-1 glass, with an 
additional load attached 200 minutes after the 
initial time. Fig. 22(B) shows the logarith- 
mic values of the pseudo-viscosity calculated 
from Fig. 22 (A) through Eq. (19). 

As a previous paper‘ pointed out, the 
rheological “four element model” is a suitable 
for mechanical model interpreting the creep 
phenomenon of glass within the transfor- 
mation range. When an additional load is 
applied to the model as illustrated in Fig. 20, 
the “instantaneous elasticity” is occured by 
E;, the “visco-elasticity” by EH, and 72, and 
the “steady viscosity” by 73. 


7 oes 
Instantaneous 


Ey elasticity 


ep 1» Visco-elasticity: 


3 > Viscosity 


Fig. 20—The rheological model. (Four element 
model). 


Fig. 21 is a schematic diagram of the actual 
deformation of the specimen under the rheo- 
logical test. The curves drawn between the 
points O-(H), (H)-(I), and (1)-(J) represent the 
above three behaviors of glass. 

An important point in Fig. 21 is that the 
time interval during which the behavior of 
the visco-elasticity is seen by the initial load, 
(t;1), is equal to the time interval during 
which the behavior of visco-elasticity is con- 
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Fig. 21—Elongation vs. time (according to the 
rheological model). 


tinued by the additional load, (¢.:). This 
phenomenon is true as long as the structure 
of glass is unchanged (subsequently EE; and 
n2 is not the function to time at a constant 
temperature.) 

A comparison of Fig. 22(A) with Fig. 21 
clarifies that the tendency of the elongation 
curve of the glass specimen is similar to the 
rheological elongation curve. However, in 
Fig. 22 (A), the time interval in which the 
visco-elasticity is seen by the initial load and 
that by the additional load are not the same. 
Namely, the former is about 130 minutes, as 
indicated by (b)’ of Fig. 22(B), whereas the 
latter is only about 10 minutes, as shown by 
la)asot Fig, 22 (8B): 

The important question is which curve, 
(a)’ or (b)’ in Fig. 22 (B), represents the true 
visco-elasticity at this temperature. In the 
opinion of the authors, it is (a)’ of Fig. 22 (B) 
that denotes the true visco-elasticity of the 
glass at this temperature. The reason is that 
(a)’ appears after stabilization of the internal 
structure of glass, whereas (b)’ is affected by 
the still-persisting change of the internal 
structure of the glass, caused by the heat- 
treatment before the test, as was described 
above for Fig. 19. 


3.1.2.1. Effects of the Load Added 
after the Time f;, 


Fig. 23 and 24 show the true visco-elastic 
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behavior of glasses caused by additional load 
applied after the time ¢;,i.e. after the stabili- 
zation of the internal structure. These figures 
clarify the following points. 
_ (a) The visco-elastic behavior appears for 
glasses of various chemical compositions at 
various temperatures, as shown by (a)’ and 
(b)’ in Figs. 23 and 24. 

(b) Steady viscosity was observed after 
the visco-elastic behavior appeared by ad- 
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Fig. 23—True visco-elasticity of W-1 glass, 
which appears after the additional 
load is applied; on the right-hand 
side of the fs curve. 


14|- _ ts Curve of S—1 glass 
| eae 529°C 
S 7 ee (a) (A) 
NC may S 
| an 100 200 300 
12+ | 


| 
Ve °£xperimental point 


\ t | ! \ \ | i 
100 200 300 400 500 600 700 800 900 10001100 


—— Time(min.) 


J 


Fig 24—True visco-elasticity of V-1 glass 
several glasses. 
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ditional load. The values of this following 
steady viscosity is same* to the steady vis- 
cosity of the freshly drawn specimens. 

(c) The time interval which the behavior 
of the visco-elasticity continues due to the 
additional load is much shorter than the time 
ts. 


3.1.2.2. Effects of the Load Added 
before Time t; 


As stated in 3.1.2, the change of the 
pseudo-viscosity with time before the time 4, 
is not the true visco-elasticity. The question 
may occur, however, whether the true visco- 
elasticity exists before the time ¢, or not. 

Fig. 25 is an answer to this question. The 
obtained results from Fig. 25 are as follows. 

(a) The visco-elastic behavior indicated by 
(a)’’, (b)’’, and (d)’’ does appear, due to the 
additional load applied before time 4,. 

(b) After the appearance of the above 
visco-elasticity, the change of the pseudo- 
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Fig. 25—Visco-elasticity of W-1 glass which 
appears after the additional load is 
applied; on the left-hand side of 
the ¢; curve. Even in this region, 
the visco-elastic behavior, (a)”, (b)”, 
can be observed, and these are the 
same as (a)’, (b)’. 


# This holds true for the experiments of the so-called 
“small deformation,” due to alight load. But it devi- 
ated a little for the experimental of the “large defor- 
mation,” due to a heavier load. This difference was 
already pointed out in one of Watanabe’s papers.‘? 
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viscosity with time is still observed. This 
suggests the fact that the change of the 
internal structure of the glasses still continues 
toward a steady state. 

Summarizing all of these experimental re- 
sults, the authors wish to emphasize that the 
change of the pseudo-viscosity with time be- 
fore the time (/;) must have been caused by 
the superposition of the time change of the 
internal structure of glass and the visco-elastic 
behavior. The reasons are that the pseudo- 
viscosity changed by the heat-treatment be- 
fore the test, reflecting the change of the 
internal structure of glass (Fig. 19), and also 
that the true visco-elastic behavior due to the 
additional load applied before the time ¢, was 
observed. (Fig. 25). 

In Table 1, the pseudo-viscosity is classified 
according to various kinds of mechanisms. 
This was carried out by taking into account 
all the experimental results given in this 
section. Namely, the pseudo-viscosity is 
classified into several phenomena according 
to the kinds of load applied and of the time 
dependence. In the final stage, the pseudo- 
viscosity was divided into pure viscosity, pure 
visco-elasticity, and the superposition of the 
visco-elasticity and the time change due to 
the internal structure. 

The Table 1 gives us a clear image of all 
the experimental results, and makes it more 
comprehensible that the so-called viscosity 
change with time reported in the past papers 
(D2) ig in fact caused by the superposition 
of the two phenomena, as mentioned above. 


3.2. A Consideration on the Time Change 
of Viscosity 


3.2.1. The “Glassy Microphase”’ Theory 
Proposed by Moriya 


In a paper by Moriya‘, the phenomenon 
of the superposition was predicted theoretical- 
ly and experimentally. In that paper, the 
growth of the glassy microphase with time 
at a constant temperature was identified with 
the change of the internal structure of the 
glass, and statistical thermodynamics was 
used to introduce a mathematical formula for 
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Table 1 


‘ > 
CLASSIFICATION OF ‘PSEUDO-VISCOSITY 


Experimental 


Change with time 


| Classified name Assumed mechanism 


; Load system 
quantity 


Before tg. | After ie 


Constant load 


Superposition of viscosity 
and visco-elasticity while 
the internal structure is 
changing. 


So-called viscosity 
change with time. 


Viscosity after the inter- 
nal structure was stabi- 


lized. 


Steadyviscosity. 


“Pseudo- 
viscosity” 


Visco-elasticity while the 
internal structure iS 
changing. 


Visco-elasticity. 


Additional load 


Visco-elacticity ; after the 
internal structure was 
stabillzed. 

Viscosity; when the inter- 
nal structure was stabi- 


lized. 


| 
Visco-elasticity | 
and viscosity. | 
| 
| 
| 


the time change of viscosity at constant 
temperature. 

This formula was examined in the light of 
the experimental data presented by H.R. 
Lillie’, and good agreement was obtained 
between the theoretical curve and the experi- 
mental data. 

In this paper, it is again necessary to use 
this mathematical formula to explain the 
authors’ idea. Therefore it will be described 
in an abbreviated manner. 

Viscosity 7 may be defined as, 


s 
ar a (20) 
Cp oP 


d : 
where a = elongation rate due to the flow 


of the glassy microphase, 
Cm ’ 
i elongation rate due to the visco- 
elastic behavior of the glassy microphase, 
S= stress. 


According to the Eyring’s theory,‘'” the 
first term in the denominator of Eq. (20) is 


ea eee (21) 


where K= constant 
V= volume of a flow unit. 


On the other hand, the volume of glassy 
microphases is supposed to change with time 
at a constant temperature as follows: 


V@ =Vrd—e-*) + Voew# (22) 


where Vr= volume of glassy microphases at 
temperature 7’, and time too, 


V)=volume of glassy microphases at temper- 
ature 7’, and time ¢=0, 
a=constant. 


Provided that the initial volume of “frozen 
in glassy microphases” is V., Eq. (22) is 
changed as follows: 


VOLUME 9, NUMBERS 1-2, JANUARY-FEBRUARY, 1961 


V@®=Vr—(Vr—V.)e-* (23) 


The temperature dependence of the growth 
of the glassy microphase is: 


Vr=A”—Be-42/7 (24) 


where AE=the energy term according to 
Maxwell-Boltzman statistics, and A’’ and B 
are constants. 

Substituting Eq. (24) into Eq. (23), we can 
obtain a detailed formula for V(t). Then by 
‘substituting the detailed formula of V(t) into 
Eq. (21), a detailed formula for a can be 
obtained. The resulting formula shows the 
change of the flow of glassy microphases 
with time. 

The Voigt-model from rheology is applied 
to the visco-elastic behavior for clarification 


dye 
of the flow, 7 
By substituting the detailed formulas of 
dy 


Gio s ; 
ep IN| ae into Eq. (20), we obtain the 


following final formula: 
2: 
i : ia See ie 
WS be le 4a je} 4 J-e-a8t 
(25) 


where K, B, a, a and J are constants, and 
t=fictive temperature. 
This equation shows the dependency of 
viscosity on time and temperature. 
At a constant temperature, Eq. (25) can be 
written as: 


1 ; 
——— 26) 
7" qtbe-at+ de-ast ‘ 
where a, b, d, a, and a are constants. It is 


worth mentioning that the first and second 
terms in the denominator were introduced 
from the volume change of glassy micro- 
phases with time, and the third term was 
introduced from the visco-elastic behavior of 
the glassy microphase. 

The authors wish to apply this principle 
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to the experimental results on the growth of 
the glassy microphase, performed by means 
of an electron microscope, as well as to 
those on the visco-elasticity of the same glass. 
These will be described in a later section, 
(3:2.2,). 

When Moriya introduced the third term of 
dye 
dt 
(20), another procedure was also available to 
obtain the same formula. This point is 
elaborated below. 

Moriya®® assumed that the angle of a 
chemical bond (or the rotational angle) in 
glassy microphases would change with appli- 


ed stress, and that their deformation rate 


do 
“at could be expressed as: 


the denominator in Ea. (25) from in Eq. 


do 
78 =k,(O—@) (27) 


where 9=total number of the bond angles 
(or rotational angles) that would be changed 
by an applied stress, 

é=number of the moved bond angles (or 
rotational angles) at time f, 

k,=a constant depending upon the structure 
and composition of glassy microphases at 
various temperatures. 


In the same manner, the deformation rate 
of glassy microphases can be expressed by 
Eq. (8). 

Integrating Eq. (27) and Eq. (8) with the 
boundary conditions of 6=0 and »v=0 at t=0, 
we have, 


6=O0(1—e-ke) (28) 

v= f(1—e-4,) (29) 
Both Eqs. (28) and (29) contribute to the 
elongation (or deformation) of the glassy 


microphase. The total elongation 7» can be 
written as: 


(n= De An @ —¥ e- ant) (30) 


where H and a, are constants. 
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Experimentally, only the mean value of 
Eq. (30) may be obtainable. The mean value 
of the elongation of glassy microphases in 
the visco-elastic effect, 72, 1s 


n=HA—e-) (31) 
The derivative of Eq. (31) is 


dy; 
a =/6/ Ge e7a2t 


=f. e-«st (32) 


Obviously Eq. (32) is essentially the same 
as the third term of the denominator in Eq. 
(26), in spite of the difference of the pro- 
cedures used to obtain them. 


3.2.2. Application of Moriya’s Theory 


As stated before, the first and second terms 
of the denominator in Eq. (26) were introduc- 
ed from the change of the glassy microphase 
with time. Therefore the experimental curve 
of Fig.2(a) can be used to determine the 
constants in these terms for V-1 glass. 

The third term of the denominator in Eq. 
(26) was introduced from the visco-elastic 
behavior of glass. Therefore, experimental 
curve (b)’ in Fig. 24 can be used to deter- 
mine the constants in this term for the same 
glass at the same temperature. 

Substituting these constants into Eq. (26), 
we obtain a theoretically calculated curve, 
which is useful to explain the viscosity 
change with time. 

The actual process of the calculation is as 
follows: 

(a) By assuming the existence of a_pro- 
portionality relation between the volume of 
glassy microphases and the cube of the 
“width” in curve (a) of Fig. 2, the constant 
a, of the experimental formula a+be-*"' can 
be determined. Since T-c<0 in this case, 
the sign of 6 is plus. 

(b) The constant a; in de~** is obtained 
from the curve (b)’ in Fig. 24. 

(c) Substituting these constants into Eq. 
(26), we obtain the theoretically calculated 
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curve of the viscosity change with time. 
Fig. 26 illustrates this calculated curve, 
which agrees well with the experimental 


points. 


Pe ania Viscosity 


ee * 


Experimental point 


L — Theoretical curve from Eq.(25) 


— Log[7} 
> 


! l ect ! ar 
100 200 300 400 500 600 700 800 900 1000 


—— _ Time(min) 


Fig. 26—Experimental points and the calculated 
curve. 


A similar calculation procedure is applied 
to (a)’ and (b)’ of Fig. 23 (W-1 glass) and 
to (a)’ of Fig. 24 (S-1* glass). The constants 
obtained are listed in Table2. And the 
theoretical curves mentioned above agree well 
with the experimental data, as shown in 
Figo 27. 

In short, the authors with to emphasize 
that Eq. (26), based on the glassy microphase 
theory, is a highly valid equation to interpret 
the viscosity change with time at various 
temperatures and for various kinds of glass. 


Summary and Conclusions 
(i) On the Strength of Fatigueless Glass 


The authors regarded the part of the 
weaker chemical bond existing in the bondary 
layer between a glassy microphase and matrix 


# Another evaluation was adapted from the data of H.R. 
Lillie at 477°C, 1,380 min. Using the same calculation 
procedure as above, the authors obtained 0.007 as the 
value of a2 for soda lime glass for the additional load 
(1,380 min.). The value agrees well with a —0.0065 
given by Moriya. The important point is that the 
both values were obtained through different methods 
but agreed well with each other. Therefore, aj is a 
factor which should be introduced from the visco- 
elastic behavior of glass. 
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Table 2 
THE VALUES OF CONSTANTS IN Eo. (26) 
Temperature (°C) a b d ay a2 

V-1 glass 

570 Os 1410519 on XolOmae SuZoOsc Om. 0. 0027 0. 038 
W-1 glass 

616 0. 2 NOR On45>< 1l05*o Onede< Ome 0. 0081 0. 089 

590 Ch WAST OF335< 105! eS el Ome 0. 0046 0. 076 

570 Os IA SORES OE A0F Re Sala 0. 0013 0. 046 
S-1 glass 

529 DoS NOs Bi Sloe OD. Solos 0. 0006 0. 022 


(Reference) According to T. Moriya, the constants for the glass on which H.R. Lillie experi- 
mented were as follows, 


ATTC 0); SoS cilOe-2 oS) OS aes 2 0. 000096 0. 0065 
Watanabe obtained a.=0.007 by calculation, appling Eq. (26) to his experimental results on 


visco-elasticity, 477°C load added, 1,381 mins.~2,000 mins., after. Both values agree with 
each other very well. 


(Lillie) a 
eS ee 
ss eas 
ele Fe ee 
ee 
ts Curve of -Sodeaime glass a) 
es ee W— 1 glass(ts curve): 
V/ Papin 
ile ee yi 0y 
=f poval 
Sl eee 
| ponte g ; 
11h 
ie : ieee 
[ Experimental point | ‘] 
| —Theoretical ‘a; 
( 10 
10 
| ! ( 7000 1500 
! i = 
9 500 1000.-«1500~~+~-2000 9 500 
—— Time (min) 


——  Time(min) 


Fig. 27—Experimental data and calculated curves for W-1 and S-1 glasses. 
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part (completely amorphous) as a latent flaw 
which may safely be considered the Griffith’s 
flaw. From this consideration, Griffith’s 
formula may be only applied to the strength 
of glasses without fatigue. 

For artificially abraded glass, the authors 
assumed that the size of the glassy micro- 
phase at the tip of the abrasion governs the 
strength of the glass. 


(ii) On the Strength of Fatigued Glass 


The authors assumed that the fatigue phe- 
nomenon was caused by a_ physicochemical 
reaction between water and glassy micro- 
phases under stress; that the latent flaw would 
grow during the reaction, and cause fatigue. 

The time of the reaction between water 
and glasses of various chemical compositions, 
were defined as f)s5. Further, the authors 
obtained a universal fatigue curve, which was 
given by Mould and Southwick. 

And a mathematical method to introduce 
the universal fatigue curve was theoretically 
shown. 


(iii) On the Flow Properties of Glasses 
within the Transformation Range 


From the fiber-elongation method, the 
“pseudo-viscosity” was defined as an experi- 
mental quantity. Then it was concluded that 
the “pseudo-viscosity” can be classified into 
the phenomena of viscosity and of visco- 
elasticity, according to the method of appling 
stress and the conditions of the heat treat- 
ment of the glasses before the test. 

The behavior of the pseudo-viscosity which 
appears for a short time by appling additional 
load was concluded to be the true visco-elastic 
behavior of glass. 

An important conclusion was obtained from 
these experiments. Namely, the behavior of 
viscosity change with time under constant 
load at a constant temperature for freshly 
drawn specimens, has two superposed part, 
one is pure visco-elastic behavior and the 
other due to the change of the internal 
structure of glass. 

On the basis of this conclusion, both the 


REVIEW OF 


THE ELECTRICAL COMMUNICATION LABORATORY 


electron microscopic and the visco-elastic ex- 
perimental results were applied to the 
equations deduced from the glassy microphase 
theory. As a result, a theoretical curve of 
the “viscosity change with time” was obtain- 
ed for a borosilicate glass. 

This mathematical procedure was applied 
also to other kinds of borosilicate glasses and 
to soda lime glasses at various temperatures. 
These theoretical curves coincided with the 
experimental data very well. 

In short, the glassy microphase theory is 
considered a highly valid interpretation of 
the internal structure of glasses. 
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Appendix 


It is necessary to show the experimental 
evidence for the existence of the glassy micro- 
phase in every kind of glass. Two methods 
are available for this purpose: one is the X- 
ray small angle scattering method and _ the 
other is the electron microscope method. 
However, only a few reports®» °° have been 
presented on these experiments. In the future, 
the experimental results reported by J. W. 
Michener®” and A. F. Prebus, J. Warshow@” 
and Hoffman‘, as well as some other ex- 
perimental results°*? would be used to en- 
dorse the glassy microphase theory. 

Fig. 28 is only one example of the schema- 
tic representation of the change of the glassy 
microphase, and Fig.1 is another. These 
patterns will vary with the chemical com- 
positions of glassy-microphase and with 
temperature. The method of expressing the 


varied patterns is a project to be considered 
in the future. 
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Fig. 28—Another schematic representation of 
the change of the internal structure 
of glass. 
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U.D.C. 621.318. 5. 001.2 


Effects of the Force Factor and the Eddy 
Current on the Operate and Release time of 


the Ordinary Relay 


Yasuo TOMIT At 


The eddy current effect can not be neglected in the motional analysis of relays, especially, 
in the analysis of open-release motion. The author derived motional equations taking the 
effect of eddy current into consideration, and the theoretical values of operate and release 
time were compared with the experimental ones. The constants in the motional equations 
that represent the effect of eddy current can be obtained by force-factor measurement. 
Although the force-factor measurement of ordinary relays is not common, this 1s one of 
the important items necessary for the motional analysis of these devices. This paper de- 
scribes the results obtained. 


1. Introduction 2. The Fundamental Equations 
The eddy current effect is very important, Fig. 1 illustrates a model of the structure 
in comparison with hysterisis and skin effects of a magnetic circuit in which the eddy cur- 


in the analysis of relays; especially in the 
analysis of the release motion. The funda- 
mental motional equations considering the 
effect of eddy current have been derived eae: ands Cete 
from the Lagrange-Maxwell equation, and 
the experimental values of operate and re- 
lease times have been compared with the 
theoretical values. 

Though force factor is not ordinarily con- 
sidered in the motional analysis of the non- 
polarized devices, it is very important and 
useful for analysis of the non-polarized devices 
as well as for that of the polar devices. 
Some data of force factor will be shown in 
this paper. 


Armature 


~Equivalent circuit which 
represents eddy current effect 


ND riving coil 
MS in Japanese received by the Electrical Communi- 
cation Laboratory, on 19, July, 1960. Originally 


published in The Journal of the Institute of Electri- Fig. 1—Model of the 1 
, : t 
cal Communication Engineers of Japan, Vol. 44, No. Seat ae aces 


lay i : 
1, pp. 21-19, 1961. Se ell the eddy-current effect 


% 


—+ 


Station Apparatus Research Section. 
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rent effect is considered. The fundamental 
equations can be obtained from the Lagrange- 
Maxwell equation, all of whose terms in- 
cluding the kinetic, electro-magnetic, and 


potential energies are represented in the 
structure of Fig. 1. 
Hence: 
dl, dl, d. 
Bat, they Oe TR 
dl, dl, dx 
O=L), dk Bat se) os +O, dp tee C1) 


F= mx+ retsx— 5 Oh _ Dif, 


where, ®, and ®, are the so-called force 
factors. 


OL OL yg 
© % 12 7 
i Ae I,+ Ape 
(2) 
OLs OL 42 
O,= P Ip+ a | 
where 
F=v.mi, L=em.i, x=displacement, 
r=loss factor, m=mass, s=stiffness, 


L,, Le, L12=equivalent self and mutual 
inductance of the driving coil and eddy 
current circuit, J,=driving current, 2 
=equivalent eddy current, R,=resist- 
ance of driving coil, R= equivalent 
resistance of eddy current circuit. 


And attractive force F is expressed as follows: 


Ee A(4r NI, +42 Nol2)? (3) 
~ 8t(ARo +x)? —“)? 
where 
ee aa (A) 
AR) +Xy 


Inductance and force factor are as follows: 


183 
i = 4rN,2A 
il 
(AR) +%,)(1—u) 
ro 4n NPA , 
AR Wd=o > 
Ly =—_ Ati 
~ (AR) +%)d—2) 
0,= 4n NAT, +42N,N,A I 
(AR +%)?A—u)? 
(6) 


Wis 4 N?Al,+42N,N2AI, 
i. (AR) +%)?1—u)? 


1, Ne: number of turns corresponding 
to JOR Ls, 

A: effective pole-face area, 

R,: closed gap reluctance, 

%,: Main gap length. 


Equations (1) can be modified into simpler 
and non-dimensional ones by means of the 
the substitution of the following expressions: 


een = ee 
’ (Li) 0@o0 ’ ; (L2) Wo 

er. tle 
ae (Lz) oo i Pe (L2) 0 @) 
Ye ee 

ie), (Lao 2 


where the parentheses ( )) indicate the in- 
itial value. 


. AN)" = 2792 
s8x(ARy +9)? AB 
2Ni Nolte ie 
eae » = A’ Pi B2tite (8) 
CDE 
s8r(ARj+%q)° 212". 


Then the operating equations can be re- 
written as follows: 


1) The waiting range is: 
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j j 1 di a; dle ee 
diz, 9; plat 2 OF Es 
a + oy + Biti—1=0 mene Bis 1 as iti 
2 1 di g <2) fo die SSS SSS ee 9l2=0 
te gow 1—u, do ° A—ug)o, dé P (16) 
AB 24,2 +A’ B1B2tite +A” Bo*t2? = Uo AB?" +A’ Bi Botste-+A” Bo?te” 
Fi : = (Ngt+Uy) (1—uy)?. 
Uy=Ux=x0.  %=—, y=back tension. 
s . . 
4) The motional range of short circuit 
2) The motional range is: release is: 
, . . i diy O1 dls 1 du 
di: 1 du ae ee pee J 
4 eee qa i-“ d6 ep ae eee 
iB du ; 
: gee 2g, d= 0 17 
1 dy 1 diy to du eel ye a ty 
a ——— —. = — 6 1- dé 1—u)? dé 
7 eas doe =a) a0 l-u d6 (—w)o; (1—w) 
1, Cigna s 
L aie : a + Bot2=0 (18) 
ty du ; ; ie | 
oe et gs = () 11 (l—u)?0, dO 
(1—u)?s, dé + Bate he : 
au ~ du 1 
= Mi = LS (AB 1721? 
Pu os du sate sl Nowe dé? dé d—uy?2 
a ee 
+ A’ 8; Bott, +A” Bo*22"). (19) 
+A’ Bs Bot it, +A” Bots”). (12) 


3. Equations of Time Evaluation 
Next, the release equations can be ex- 
pressed as follows: The equations of time evaluation will be 
1) The waiting range of open release is: derived from the above equations. In this 
paper, however, only the equations for wz)=0 


Gis are presented. 


dies do gees) (13) 
; 3.1. Operate Motion 
A” Bo?t2? = (tg + Uy) 1—uy)?. 
sp TH aoe ; he Waiting time can be evaluated from Eq. 
€ mouonal range Of open release 1s: (9). It is obvious that the waiting time is 
ee i Py zero when uo=0. 
“5 cL yT a Gore 7p the=0 4) The travelling time can be evaluated from 
Eqs. (10), (11), and (12). That is, by putting 
= Be ners p and i of the following expressions into 
ae + 2b Gy tte (15) Eqs. (10), (11), and (12), we can determine 
2 the values of A, and B,. 
3) The waiting range of short circuit re- duo &® 


lease is: 2S Xi Anwrls 
(20) 
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i= ¥ Baur, 
n=0 


Therefore, the following equation of time 
evaluation is obtained. 


1961 19 


6, = — Pit Be 


A a AG alle ao 
(= = log. Be eee 
BiB, —uy) 61+ Be Ug(1—Uuy)? 
(25) 


Travelling time will be evaluated from Eqs. 


g=( FEE Z win (Pith) 8 (17), (18), and (19) by the same procedure 
Be &1 Be 021" Section 3.1. 
Bi B2 ) 1/2 cae : 2 1 dv ee 
oy (1 in a p=“ => A,r’ 
Bx + Be Be 152,3 l 2 do Pa 
49 (_ Bibs i a er ) 2 i= > Byun’ (26) 
40 \ Bi + Be 2\ bit Be O71 ae 
" Wa = Xan l3 
—— \- a basi ca (21) ase = ia 
O, O71 
where 
where 
V=Ug—U (27) 
_ 4/ 48,2 A+ A’/o-+ A”/o,") ‘ 
e— ° @2) 
3 3 SAE A, Ag 
6=- —p,'8 42/3 as ( eS \o+ oferavereter 
A; 2 As? ae 
3.2. Short Circuit Release (28) 
Waiting time is evaluated by the following where 
procedure. From Eq. (16), the result is: 
il Nye 
B ee —_ g - UP Pie 
ae Be _ B182C.—u9) 4 : Bi Vag A’/o, + A" /o:? 
= Bee fit fe > >. lone (29) 
(23) Ga Ug 1— uy)” 
ae a eae 6 ° Boa, ¥ A+ A’/o, + A/a? 
2 (8:+f2)o1 fit B2 
3 30. = uy)*Bo 
- B,=—4;f2 2 7 ” 2 
and from the 3rd equation of Eq. (16), the Y g,(Aoy?+A’o, +A”) (81+ 82)?Be 
following expression can be obtained: 
poi 
Ug(1— Ug)? o1Bs 
Pia= g ae g a (24) (30) 
a 
O1 Oy ope 
, . A2=A/ 9B 1B2tg 1 = Ua) : 31) 
Therefore, the waiting time Is: Bi + Be 
, Sapcape fll (state) 
O1P2 pan — G11 P1 TF P2 Se)” ry 1 
B= EC, =: 8, , 281R2Bo _ (a0 Saha A’ )- 10 A,? (32) 
(1—u,)* : 1 Be Ce 
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De ee Ca a 
ae o,C1(B:1 +2) Bs ce" 
+3AiBid—m}. (33) 


3.3. Open Release 


Erom Eq. (13), 


a =u) [Ue 1 pau. BA 
12> Bo V2 ane ae ‘ : 


Therefore waiting time is: 


iA Be AE 
C= —— loge ——**— . @d) 
du) °° Rae 
Travelling time is: 


P= 2 9B2ug(1—ug) v?®—B.1—uy)v 


9 
20 ¥/ 982191 uo) 


mae 


Suet jot sees (36) 


j a eet 6/ Yug(1 — ug)! 1/3 
aN Caen Nom Aran 


1 6/ 810d —4,)'*B,? 
3 IN 


1 


+ 2/3 i aes 2 
GPO Se | 1 


_ 14820 —m)? | / cae 
20Ug A” B,? 


(j2 = Spo ug) va 
¥Y Bsus 1—u) ' 2 ¥ (98.0, —u,)}? 


9{1+82—u,)?}0. 
20 4/ {982%g(1—uq) }3 


where 


V=Ug—U. 


4. Force Factor 


The value of the force factor of non- 


REVIEW OF THE EL 


ECTRICAL COMMUNICATION LABORATORY 


polarized relays varies with input current, 
that is, the force factor of the non-polar 
apparatus is essentially different from that of 
the polar one. But in this paper, all the 
coefficients that have the same form as the 
force factor of the polar devices will be 
called the force factor of the non-polar de- 
vices in a wide sense. 


4.1. General Considerations 


The general form of the force factor is 
Eq. (6); and if eddy current is neglected and 
the value of uw is assumed to be zero, the 
result is: 


ANZA 


0,=——— 
* (ARy +50)" 


I. (39) 


In the measurement of this factor, mechani- 
cal resonance is produced with a frequency 
double that of the fundamental, and the 
motional impedance of the fundamental 
frequency will be given as follows: 


oe wOL,/0x)7T : 
n 8s Vv 1-2) + Qor/s)? 
cos (wt—@) 
os sin wt = 
where 
_ 20. 2 


Therefore, the diameter of the motional im- 
pedance circle is shown by the sign 2Zng 
when 2=1, and the force factor is: 


=== hy (ob 
o= smo = LZ —— bl 
VV-Zmo i ieee ‘i (41) 


Therefore the value of force factor shown in’ 


this paper is four times larger than that 
which we measured by small amplitude vi- 
bration. As a rule, the diameter of the 
motional impedance circle is in proportion to 
the second power of the current, while the 
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Fig. 2—Example of motional impedance circle X,=0.1 cm additional coil open. 
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Fig. 3—Example of motional impedance circle. 


force factor is proportional to the current. 
Figs. 2 and 3 illustrates this relation. 

The relation between the diameter and 
current can be easily recognized in Fig. 2, 
and the relation between force factor and 
current in Fig. 4. 


Fig.3 is an example when the input is 
large enough in comparison with gap length 
x, The circle becomes elliptic similar to the 
case of a large output magnet striction trans- 
ducer. 
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Fig. 4—Relation between the force factor 
and current. 


4.2. Effect of Eddy Current on the 
Force Factor 


In general, the e.m.f. equation of the non- 
polarized devices is formed similarly to the 
polar one, that is: 


= Tt, PEt ty FL sot) 0-4 Rast 

(42) 
O=Looty + Lyot) + LL’ 2082 4+-L' 121) ¥ + Roole 
where the prime symbol shows differentiation 
by x, dot over the letter shows differenti- 


ation by time. From the second equation, 


atest dle joLlys =. LD 2212 ald 1204 - 
fe ieee am Roo 4 joLr. 2 oe 


And the force factor is given as follows: 


L's 


: L 12 . 
OD, =— = =F HE m2 (44) 
i ; et ioa rt tlhe “oe 6 
je 1 nog al 
: 2 1 @ fs 


where 


Le= Ay Liye Lee « 


As a first approximation, we neglect the 
effect of x in Eq. (43) and put Eq. (43) into 
Eq. (44). Thus the following equation can be 
obtained: 
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Le Wo r= 1 ~—s 2) Po ( 2 
0, = © ! Luli. (45) 


2+ 8 aie Gein 


Therefore the absolute value and the phase 
angle are: 


2 Wo 
o 1+ 2 ie 


28 aan SY 


phase angle=— ——_— i : (47) 
; —] 


The calculated values are given in Fig. 5. 
For example, when phase angle is <19° as 
in Fig. 2, the eddy current constant of this 
relay is 3. In Fig.6 are shown other ex- 
amples with added eddy currents caused by 
an additional coil. 


100 


t 


Phase angle (° ) 


O.1 


Decreasing radio of Forcefac'tor 


Fig. 5—Effect of eddy current on force factor 
(calculated value). 


5. Method of Evaluation of Constants 


5.1. Constants Corresponding to Small 
Vibration 


Constants corresponding to small vibration 
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100 127.1 Fig. 6—Example of motional impedance circle. 
are impotant for calculation of waiting time, 
and useful to examine magnetic circuit. 
AnN 4 aN] 
i) When both the eddy current and leakage ie 
are neglected, rs 
Ro 
de Ro a 
= ea 48 
D,? 11 Ars N,2 a ArnsN,2A ( ? 
Mf 
1 If 
a= eee - fo a 
io a (a) : (b) . 
If N, and s are known, we can determine Riegel Orne 
the value of A from the slope of Eq. (48) = seats ey iia eee 
and R, from the intercept of the same equ- aa 
ation. But if x, does not vary, we can deter- 
mine the constants from Eqs. (48) and (49). 2b see aan : ‘ : 
$f - 
But the change of resonant frequency is a circuit in Fig.7(b) is the same as in 
generally very small; therefore the stability ; 
factor is not very exact and therefore not Tree 
very useful for the non-polarized devices. In 
this case the following method is preferable. ae 
I=f, Xy=Xqy, = at 
LAD 
ii) Eddy current is neglected but leakage (50) 
is taken into account. rat 
Ro=%+%at+ — = 


The equivalent circuit of Fig. 1 is given in 
Fig. 7 (a), and the driving force of the equiva- 


s 


The effective pole face area A can be deter- 
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mined from the change of the force factor 
at various gaps. 


1 AR» 


: <ee (51) 
J, /4cN2Al, 


Xq 
+ ig e AT 


The actual reluctance obtained by actual 
measurement of the inductance is: 


Tice / 
= : is — (52) 
- form stat (Xq/a) 
Therefore 
Xq—Xge . eS 
R(X,) —RCXoc) Te 


BAT) rere Xge ) 
a 
xX, 
a 


+s (tret ) 63) 


s 


The slope 4; is: 


Se a (54) 


where X,. is the central reference value of 
x, From Eq. (54) and the ratio of the slope 
and the intercept of Eq. (53), the following 
equations are obtained. 


ava +75) —='& (5) 
OG (56) 
y= ae TTS Cyars+1s%o tale) ste aah Xge 
Vise ars 
(57) 
Beats) aS 
pe (58) 


where y2 is the slope of the equation 


Lea 


o(X_) —p(Xye) 


where ¢ is permeance and p(X,.) is the central 
reference value of p(X,). The constants can 
be determined from Eqs. (50), (51), (55), (56), 
and (58). 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 


iii) Eddy Current Constant 


The value of f: can be determined from 
the phase angle of Fig. 5, and the other 
constants related eddy current can be written 
as follows: 


A’ — Elis ‘ il 
o, SCAR )+%y)?@ fe 


AY” FE i Y 
oy? 28(ARy+%q)2a@o? Be? (L)1 © 


5.2. Constant Corresponding to Large 
Amplitude 


When the equation u)=0 is satisfied, the 
stability factor is as follows: 


peer ie e (ey 
eA 2ug(1—Uu)? = 8 Tret 


where 


(/)o re=stability factor at the initial point 
corresponding to release current. 


Therefore the value of u, can be determined 
from the measurement of minimum operating 
and releasing current, and AR, can be esti- 
mated from the value x,. 


6. Results and Discussion 
6.1. Measurement of Constants 


The structure of the model was the same 
as that of the 450 type polar relay, from 
which, however, the permanent magnet and 
one of the yokes were removed. At first, 
the values were estimated to be m=0.415 g, 
s=10.78 X 10° dyne/cm, fy=256.5 c/s by the 
additional mass method. In Fig. 8 is shown 
the measured value of inductance, and in 
Figs. 9-11 values corresponding to Eqs. (53)- 
(59). The force factor is given in Figs. 2-4. 


From these figures, the following values can 
be determined: 
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Fig. 8—Measured value of inductance. 
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Fig. 9—Relation between gap length and 
reluctance. 
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a=0.373cm’2, 72=0.355cm", 
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Fig. 10—Relation between the central reference 
value of X, and slope of reluctance 
change. 
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Fig. 11—Relation between the central reference 
value of X, and slope of permeance 
change. 


pe) ei, f=HO. 28cm. 
Though it may seem that the leakage re- 
luctance is too low, you will see it is a 
reasonable value if compared with that of 
the same type polar relay.‘” 

The constants which correspond to large 
amplitude were as follows: 


Ippo. 02) Le 2210 airgap —0e2 mm. 


Therefore 
Pessoa ee, 


and the value of eddy current constant was 
3 


ms 


ms 
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Fig. 14—Open release waiting time. Fig. 17—Short release waiting times. 
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6.2. Measurement of Dynamic Charac- 
teristics 


Figs. 12 and 13 show the operating time, 
and Figs.14 and 15 the waiting time of 
open release, while Figs.16 and 17 the wait- 
ing time of short release. Fig.18 shows 
some examples of the current waveform and 
the process of its displacement. 


6.3. Discussion 


So long as it is not so large, eddy current 
does not exercise much effect on motional 
time, but this is not the case with waiting 
time; that is, eddy current has an great 
effect on the waiting time, especially in the 


Vv" 1074. operate 
tionat~coit~75°— 


10”:.10™*, operate 
additional’ coil 200° 


Me ' 
’ 12”. 10™?. open Re 


ease 
Coil.Ope pn... 


case of open release. 


These facts can be 
seen from Figs. 12-17. 


7. Conclusion 


The motional equations taking eddy current 
effect of the ordinary relay into account can 
be derived from the Lagrange-Maxwell equ- 
ation. The equations of time evaluation was 
derived from these equations and was com- 
paired with experimental results. A new 
factor was considered on the measurement 
for the determination of the coefficient of 
these equations. 

That is, the force factor, to which much 
attention has not been paid so far in the 
analysis of the ordinary relay, has been ex- 


{Ov TO™="Open Release 
additional -coil 200° 


bh 
onal coil 


53”.10™*. Short Retez 
additional coil open 


Fig. 18—Current waveform and displacement. 
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perimentally as well as theoretically shown 
to be of great importance. 
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A New Type of Vestigial-Sideband 


Facsimile System’ 


Keijiro KUBOTA+ and Kazuo KOBAYASHIt 


This paper describes a vestigial sideband transmission system for the high-speed trans- 


mission of facsimile signals. 


The system uses simple methods of performing homodyne de- 
tection and eliminating quadrature distortion. 


In the transmitter, the maximum modu- 


lation factor is set at a small value, and carrier frequency is constantly transmitted. In 
the receiver, the even symmetry components around the carrier frequency of the received 
signal pass through a band-pass filter in which the phase-modulated components are 


eliminated. 


Then, the amplitude modulated components are suppressed by a limiter, the 


output of which is used as the carrier frequency for homodyne detection. Thus homodyne 
detection can easily be performed without resorting to an A.F.C. system. 


1. Introduction 


This paper describes a vestigial sideband 
transmission system designed for the high- 
speed transmission of facsimile signals. Un- 
like television, it is not wise to spend much 
money on equipment for facsimile  trans- 
mission. Therefore in facsimile, vestigial side- 
band transmission, if it is used at all, is in 
most cases received by envelope detection. 
In such equipment the wave distortion result- 
ing from quadrature distortion‘” is corrected 
only by a simple circuit. “? 

All these factors have been taken into con- 
sideration in the design of the present system, 
which performs homodyne detection in a 
simple way, and aims at improving the quali- 
ty of the received pictures. 


2. Principle 


Fig. 1 shows the block diagram of the pre- 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory, July 13, 1960. Originally publish- 
ed in the Kenkyu Zituyoka Hokoku (Electrical Com- 
munication Laboratory Technical Journal), N.T.T., 
Vol. 10, No.1, pp. 53-70, January, 1961. 

Telegraph Section. 


—+ 


sent system and Fig.2 shows its frequency 
allocation. In the transmitter, the maximum 
modulation factor of the transmitter is adjust- 
ed to a small value, and carrier frequency is 
also transmitted during space signals. As 
illustrated in Fig. 2 (b), the picture frequency 
band and the carrier frequency are carefully 
selected so that the whole of one sideband 
and a part of the other sideband are trans- 
mitted through the transmission line. No 
vestigial sideband filter is used at the trans- 
mitter. 

At the receiving terminal, the input signal 
is divided into two parts. One part is fed 
into the detector after passing through a 
vestigial sideband filter with the characteristics 
shown in Fig.2(c); while the other part 
passes through the carrier selection band-pass 
filter which has even-symmetry response about 
the carrier frequency. This filter is used to 
eliminate the phase modulated components 
of the carrier caused by asymmetrical trans- 
mission through the transmission line. The 
output signal from this filter then passes 
through a limiter which suppresses the ampli- 
tude-modulated components, giving a constant 
phase and constant amplitude carrier signal, 
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Fig. 1—Block diagram. 
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(d) Recieved signal and 
Carrier selection band pass filter 
passband 


(e) Homodyne detected signal 


(ft) Vestigial sideband signal 


: a) faa = 

(g) Signal detected by a aa 
doubled carrier 
frequenecy 
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Fig. 2—Frequency allocation. 
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and a phase shifter which adjusts the phase. 
This constant amplitude, constant phase signal 
of correct phase is impressed on the detector 
enabling homodyne detection to be perform- 
ed. Next, the de component of the detected 
signal, which is caused by the low maximum 
modulation factor, is eliminated by a_ base 
clipper; and as-shown in Fig. 2(e), a signal 
identical to the original picture signal is 
obtained. . 

If the equipment shown in dotted lines in 
Fig. 1 is used for detection and the vestigial 
sideband signal is superimposed upon the 
signal detected by the doubled carrier fre- 
quency as shown in Fig. 2 (g), a double side- 
band signal is obtained as illustrated in Fig. 
2(h). It is convenient to use this system 
when vestigial sideband transmission is per- 
formed using double sideband facsimile equip- 
ment. 

In order to explain the above relation 
mathematically, the vestigial sideband signal 
is expressed as 


P(t) cos w@et+Q(Q) sin wet Q) 


where P(t)=real component 
Q(t) =quadrature component 
w-=angular frequency of 
waves. 


carrier 


If the carrier wave to be used for homo- 
dyne detection is 


2 cos (a-t—¢) (2) 
the output signal of the detector is 
{P(t cos wet +QCt )sin wct} 2 cos (wet —-¢) 
= P(t) {cos (2a-t—¢) + cos $} 
+Q@ {sin Qwet—¢) + sin $} (3) 


If the unnecessary components are eliminat- 
ed from the above equation, it becomes as 
follows: 


Pt) cos ¢+Q() sin d (4) 


By reducing the phase angle ¢ to zero, the 
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quadrature component is eliminated and the 
real component is obtained. 

Next the carrier wave to be used for 
detection by the doubled carrier frequency is 
expressed as 


cos (2w-t —2¢) OD 
If the same procedure as above is applied, 
that is, the vestigial sideband signal and the 


detected signal are superposed and the un- 
necessary components eliminated. we obtain 


(t) y : 
: [cos wet+ cos (wet —2¢) ] 


Pe 5 tin Wet — Sin (Wet —2¢) | 


=(P@cos 4+Q@sin ¢)cos(wet—A(4)) (6) 
where 


, P@ sin 2¢6+Q@ 1— cos 2¢) 
P(t) (1+ cos 2¢) + Q(t) sin 26 


dé) =tan 


If ¢=0, the double sideband signal modu- 
lated by the real component can be obtained. 


3. Experiments and Results 


Since a ready-made facsimile equipment 
for double sideband was available, the ex- 
periments were done according to the system 
in which detection was performed by doubled 
carrier frequency. 

A signal generator was used as a signal 
source and the waveforms of the various 
stages were observed. 

Table 1 gives the constants of main parts. 

The vestigial sideband filter is a_ linear 
phase-shift filter.“ Its amplitude response is 
indicated by curve (a) of Fig. 3, and its delay 
response by curve (b). Curve (c) corresponds 
to the detected amplitude response. 

The carrier-selection band-pass filter selects 
only the even symmetry components around 
the carrier frequency among the received 
signals that have become asymmetrical due 
to the transmission line. Thus the carrier 
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Table 1 
EQUIPMENT SPECIFICATIONS 
Line density: 4 lines/mm 
earl Carrier frequency: 1,500 ~ 
Hecsnnu: Maximum keying frequency: 1, 000 
Ronee 300~1, 800 «+ band-pass filter 
Vestigial Sideband Filter 1,500 « linear-phase-shift low-pass filter 
Carrier Selection Band Pass Filter 1, 350~1, 650 « band-pass filter 
10e— $$$ — + ] 
® 2 
: () 5 
2 ve (a) Amplitude response of the vesti- 
2 05 ID eevee 1 Oia gial sideband filter. 
_ & (b) Delay response of the vestigial 
sideband filter. 
(c) Resultant amplitude response of 
the detected signal. 
al (d) Amplitude response of the car- 
| rier selection band pass filter. 
(e) Delay response of the carrier 
selection band pass filter. 
ee =] 
0 30 


Frequency (kc) 


Fig. 3—Characteristics of the vestigial sideband filter and carrier selection band pass filter. 


selection band-pass filter serves to eliminate 
the phase modulated components of the 
carrier. Its function is explained by the 
vector diagram in Fig. 4. 

The amplitude of the upper sideband and 
the lower sideband are not equal owing to 
the asymmetrical sideband transmission. Con- 
sequently the carrier wave contains the phase 
modulated component 60, as illustrated in 
Fig.4 (a). By making the upper sideband 
and the lower sideband symmetrical by the 


carrier selection band pass filter as shown in 
Fig. 4 (b), it is possible to make 60 zero. In 
this case it is necessary for the amplitude 
response and the delay response of the filter 
to have even symmetry about the carrier. 
As the delay response is not required to be 
flat, a simple filter can be employed. The 
amplitude response and the delay response of 
the filter used in the experiments are indicat- 
ed by curve (d) and (e) respectively of Fig. 3. 
The reason why the vestigial sideband 
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(a) Received signal (b) Output signal of carrier 


selection band pass filter, 


Fig. 4—Vector diagrams of the carrier and 
sideband. 


(b) 

Received Signal (output ot artificial line) 
filter is set up in the receiving terminal is to 
facilitate the selection of the even symmetry 
components about the carrier frequency. 

Fig.5 shows the waveforms at various 
points in the present system. Fig. 5 (a) shows 
the signal generator output, and (b) the arti- 
ficial line output, in which the distortion be- 
cause of the asymmetrical sideband trans- 
mission is recognizable. Fig.5(c) shows the Cee ae 
demodulated signal and (d) the waveform 
after going through the base clipper. It can 
be clearly seen that the homodyne detection 
decreases the distortion. 

Fig. 6 shows the waveforms of signals with 
100 % modulation which were transmitted by 
vestigial sideband transmission and then de- el 
tected by homodyne detection using a com- (d) Clipper output 
mon carrier oscillator for modulation and 
detection. 

There is almost no difference in the wave- 
forms of Fig.5(d) and Fig.6. This proves 
the validity of the method of regenerating 
the carrier at the receiver in the present 
system. 

Fig. 7 (a) is an example of the pictures re- 
ceived by means of homodyne detection with 
the present system, while (b) is an example 
of pictures received by means of envelope Fig. 6—Waveforms of detector output 
detection of vestigial sideband transmission. by carrier oscillator common 
The picture received by homodyne detection to transmitter and receiver. 


Fig. 5—Waveforms of various parts. 
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is clearer than that received by envelope de- 
tection, and the quality of the received 
pictures is almost the same as those received 
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by double sideband transmission. 


Fig. 


(b) Envelope detection. 


7—Samples of received pictures. 


4. Conclusion 


The value of this vestigial-sideband system, 
in which the modulation factor is set a small 
value, and the carrier wave constantly trans- 
mitted so that it may be utilized for homo- 
dyne detection of the signals at the receiver 
has been demonstrated. 

This system is simple and stable, requiring 
no A.F.C. system for regenerating carrier 
waves. From the standpoint of the trans- 
mission line, the constant transmission of 
carrier waves is a disadvantage in S/N. But 
this system is useful for simple and economi- 
cal vestigial sideband transmission equipment, 
such as for facsimile communication which 
utilizes voice lines. 
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A Study of Internally Plasticized 


Melamine Laminates® 


Masaaki KATAGIRIT 


Paper-base melamine laminates have good electrical properties good arc resistance, and 
high hardness; but. their hi d ; stics 

f punching and postforming characteristics are very bad. In order 

to obtain melamine laminates which permit punching and postforming processes, the author 

has studied new melamine laminates made from a high strength cotton paper with in- 


ternally plasticized melamine resins. 


This paper describes the relation between the proper- 


ties of melamine laminates and the laminating conditions, between the electrical properties 
and the water absorption, and between the Rockwell hardness and temperature. It has 
also been confirmed that the internally plasticized melamine laminates obtained by the 
author have high electric insulation resistance, and excellent punching and postforming 


characteristics. 


1. Introduction 


To improve the postforming characteristics 
of melamine-formaldehyde laminates, aromatic 
sulfonamids, amines, and amides have been 
used, but no good results have been obtain- 
ed. The first internally plasticized melamine 
resins were developed by the Monsanto Chemi- 
cal Company in 1955 (Japanese patent No. 
243486, 1958). These resins are melamine- 
formaldehyde-guanamine condensation _ pro- 
ducts, and laminates made from a-cellulose 
paper with this resin have good postforming 
characteristics. 

The author investigated various melamine 
laminates made from a high-strength cotten 
paper, which he developed, and the following 
resins: a usual melamine-formaldehyde resin, 
melamine - formaldehyde - paratoluenesulphon- 
amide (P.T.S.A.) condensation resin (modified 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory on 30 June, 1959. Originally publish- 
ed in the Kenkyt Zituyéka Hokoku (Electrical Com- 
munication Laboratory Technical Journal), N.T.T., 
Vol. 9, No.12, Dec. pp. 1445-1457, 1960. 
Plastics Applications Research Section. 


+ 


by 15-30% P.T.S.A.), and melamine-formal- 
dehyde-phenilacetoguanamine (P.A.G.) con- 
densation resin (modified by 18.2% P.A.G.). 
From these results the author found that the 
most effective amount of P.T.S.A. for modi- 
fication was 20-30%. 


2. Manufacture of Laminates 


The basematerial and resins used in this 
study are shown in Tablel. The resin con- 
tent of the varnish is about 6) % in a solvent 
which consists of water and methyl alcohol, 
4:1 by volume. The pick-up is about 60-65 
% of dry solids on the weight of the paper. 
The varnished paper was molded at a_pres- 
sure of 7Okg/cm” at 130-160°C, and the 
molding time was 15-30 minutes. These lami- 
nates have a thickness of 1.6 mm. 


3. Properties of Laminates 


Figs. 1 and 2 show the relation between 
the properties of the laminates and the mold- 
ing temperature. At the pressure of 70kg/cm’* 
the molding time is 15 minutes. Table 2 
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Table 1 


MATERIALS USED 


oo ee SSS SS ee 


MMUNICATION LABORATORY 


' Water Absorption Tensile Strength | Wister extract 
Maternal Thickness Density (mm/10 minutes) (kg/mm?*) Condiennn 
| ee a ar CW. LW. | Cw.) Selene 
Base-Material 0. 099 0. 48 48 39 DD | 0:9 4] 29.5 
(cotton-paper) | ) 
aa | 
‘ : | Thicknes Density 
Material No. Melamine Resin | (aes s (g/cm) 
(Gis) Dimethylol-melamine | 1. 40 1. 47 
(2) Trimethylol-melamine 1. 40 1. 48 
| 
: Melamine-Formaldehyde-Phenylactoguanamine 
IES (3) | (1g 20% Modified) Resin 1.37 1. 46 
Melamine Formaldhyde--Paratoluenesulphona- 
(4) | mide (15% Modified) 1.44 1. 48 
W | 
(5) (299% Modified) | 145 1.47 


Table 2 


MEASURED CONDITIONS 


: Postforming Properti W - 
Water Absorption (%) dial Cm) Bat Peeters ie Electric Corrosion 
Test piece -+++++++ 1.6xX25x | Test piece -:---- 1.6 20x Powder::::---:- 1.5 grs Method ee 
25 mm 100 mm | ‘ 
ae Heat of test 175~180°C ENS 
Dip inWater ----:- 24 hrs meee i minutes Water- manos | = 
Ae extract boiled 
v3 mm i 
Temp of Water---30+1°C Mol dev-esseeeeeees {etaesln io ae Test condition 
der pipe 
i Measured- 
Water Absorption (%) xcs 25°C 
=((W.— W,)/ W,) 100 a si aCe lene 
Bend cee 1S 
en W)=135 Vabe 
mold 
shows the measured conditions of i- i i 
the lami approximately by the following formula: 


nate. 
The relation between the volume resistivi- 
ty, tan 0, and the water absorption is given 


Y=ax? 
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e(1k c) 


Postforming (cm. ¢) 


tan 6(1kc.x10-) 


Rockwell Hardness (M) 


Volume Resistivity (Q-cm) 


Water-Absorption (%) 


140 150 160 140 150 160 


Molding Temperature (°C) 


Fig. 1—Relation between properties of lami- 
nates and molding temperature. 


where Y is the general expression of volume 
resistivity (0.); tan 0, ¢, a, and b are con- 
stants; and x is the water absorption (mg/ 
100cm’). These relationships are shown in 
Figs. 3-5. 

Figs.6 and 7 show the relation between 
the Rockwell hardness and the temperature. 

When the molding temperature is 130-140° 
C, the laminate will burst if subsequently 
heated as shown in Fig. 6, and the characte- 
ristics are very bad; but when the molding 


) 


Electric Corrosion ( 


Electric Corrosion ( +) 


Surface Resistivity(Q) 


Water xtract-Conductivity(vU/ cm) 


come 140 150 160 


140: 150! 


Molding Temperature (°C) 


Fig. 2—Relation between properties of lami- 
nates and molding temperature. 


temperature is 150°C the properties are very 
good. However, when the molding temper- 
ature is 160°C, the electrical properties be- 
come very inferior. 

In Fig. 7, No.5 shows the lowest hardness. 
No. (3)’ and No. (4)’ are repeated test results 
of No. (3) and No. (4), respectively. 

When the volume resistivity (o,) is plotted 
vs. the reciprocal of the temperature (1/7) 
an inflection point is observed at the trans- 
ition point. These results are shown in Fig. 
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= 
x 
ms 
§ 
é 
S TOE 20.30 40 50 60 708090100 200 
Water-Absorption (mg/ 100cm ?) 
Fig. 4—Relation between tand and water 
absorption. 
20 
10 
9 
ak 
7 
6 
19! @ 
10 20 30 40 50 7089100 150 20 = 
Water Absorption (mg /100cm2) Fes 4 
3 
Fig. 3—Relation between o, and water 
alsorption. 5 
8, where p, is the volume resistivity and T ; 
is the absolute temperature. The apparent 10 20 30 40 50 60708090100 200 
activation energy of electrical conductivity Water Absorption (mg/ 100cm?) 
was calculated from the Arrhenius formula, 
and these results are shown in Table3. In Fig. 5—Relation between < and water absorption. 


Table 3 the H-73 is phenolic laminate. 

‘The general properties of the internally 
plasticized melamine laminates are shown in 
Table 4. The laminate which was developed 
by the author (Sample No.5) shows and 
good electric insulation resistance, good punch- 
ing and postforming characteristics. 


4. Conclusion 


New internally plasticized melamine lami- 
nates made from a high strength cotton paper 
and melamine- formaldehyde -paratoluenesul - 
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(M scale) 


Rockwell Hardness 


~0 20 40 60 80 100-120 140 160 180 


Temperature (°C ) 


Fig. 6—Hardness vs. temperature (No. 5). 


Rockwell Hardness (M scale) 


306} ] 7 Lo 
ZO A060 80s 100) 120) 140" 160), 180 “200 


Temperature (C° ) 


Fig. 7—Hardness vs. temperature of melamine 
laminates. 


phonamide condensation products provide ex- 
cellent physical and electrical properties when 
the amount of P.T.S.A. used for modification 
is 20 to 30%. The less water contained in 
the laminates the better these properties be- 


vi Q-em) 


10 


Era Ds 
1/TX<10? 


10 


Fig. 8—py vs. temperature. 


come. The relation between the electric pro- 
perties (tan 6,¢) and the water absorption is 
given approximately by the following formula: 


Y= ax" 


The postforming characteristics of melamine 
laminates can be predetermined from the 
Rockwell hardness vs. temperature curves. 

The apparent activation energy of electric- 
al conduction of melamine laminates is larger 
than that of paper-base phenolics, and the 
inflection point observed in the p,-temperature 
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Table 4 


PROPERTIES OF MELAMINE LAMINATES 


See Le SS 


: Rockwell Water | R l Past : 
k | ; ev tan 0 | Postrorming 
NG ee Bree aed ne | ies meree, | (1 KC) | dia. (Cm) 
a ioe = 7 — == it a oe ay if ; \ 
13 —4 
(1) | Dimetylol melamine oon 1. 42 118 0.41 3 x10 | 181 x10 2 
= Pi ere | Fi | 
(y Trimetylol melamine Yi 1. 41 120 | 0.50 | B18 102 ABs 7 5 
- <= sla alien SS aos a 
(3) | M*-F-P.A.G (18.2%) y, 1. 38 116 0.49°" |. Leto) 200) 1 
(4) M-F-P.T.S.A (15%) uw AS 116 0. 56 6235104) 2857, 1 
(5) M-F-P.T.S.A (29. 4%) 4 Az WG. Ons PASS A 7 il 
H-73 Phenol uv 1.57 | 98~105 0. 80 4.6x10"" | 741 7 = 
x M-F--- Wictenne Formica de 
Table 3 curve is the second order transition point of 
APPARENT ACTIVATION ENERGY ESE 
CALCULATED FROM FIG. 8 
Reference 
cal./mol. 
+ Temperature (1) Laminate Base Materials for Communication 
eee lacs | Equipment Use Masaaki KATAGIRI; 
tlt : E.C.L.T.J., Vol.9, No.5, 125, 1960. 
(et) 23675. 0 31998. 9 27836. 9 
(2) 20344. 8 32875. 0 26609. 9 
(3) 16814. 9 38547. 4 27181. 1 
(4) 19836. 6 34284, 2 27060. 4 
(5) 13722. 0 29751. 8 21236. 9 
H-73 aes: — 19395. 8 
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Kenkyti Zituy6ka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 12, pp. 1421-1434, Dec. 1960 


Piezoelectric constants of ferroelectric materials are classified into two parts. A general discussion of these con- 
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A Method of Measurement of the Reflection Coefficient of Coaxial Radio Frequency Connectors 


Takashi INATOMI 
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A study on the methods of measurement of the reflection coefficient of connectors, including the results of a 
method developed by the author is reported. 
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cation Laboratory. . 
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credited at: The Electrical Communication Laboratory, 1551 Kitizyézi, Musasino-1 Tokyo. 
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Chatter Vibration of the Switching Relays 
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Kenkyti Zituyéka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 12, pp. 1355-1420, Dec. 1960 


An analysis of the physical mechanisms which control the chatter of switching relays used ‘in communications 
apparatus or equipment is described. 
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